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D i r e c t  l i q u e f a c t i o n  of low-rank c o a l s  by h igh  p r e s s u r e ,  h igh  t empera tu re  pro- 
cesses u s u a l l y  u t i l i z e s  a p rocess -gene ra t ed  s o l v e n t  t o  d i s p e r s e  t h e  c o a l  a s  a s l u r r y  
and t o  a c t  a s  an H-donor d u r i n g  r e a c t i o n .  The r o l e  p layed  by  t h e  s o l v e n t  i s ,  the re -  
f o r e ,  a c e n t r a l  one.  The s e l e c t i o n  and e v a l u a t i o n  o f  s t a r t - u p  s o l v e n t s ,  changes i n  
t h e  s o l v e n t  w i t h  p r o c e s s i n g ,  changes i n  t h e  r e c y c l e  m a t e r i a l  w i t h  approach t o  
r e a c t o r  e q u i l i b r i u m ,  changes in s o l v e n t  c h a r a c t e r  i n  response  t o  changes i n  p rocess  
v a r i a b l e s  and mechanisms o f  s o l v e n t - c o a l  i n t e r a c t i o n s  a r e  impor t an t  i n  d i r e c t  
1 ique  f a c t i o n .  

The e f f e c t  o f  s o l v e n t  on t h e  y i e l d  s t r u c t u r e  and o p e r a b i l i t y  du r ing  low-rank 
c o a l  l i q u e f a c t i o n  i s  o f t e n  v e r y  l a r g e .  The changes t h e  s o l v e n t  undergoes dur ing  
passage  through t h e  r e a c t o r  i n  con t inuous  p r o c e s s i n g  u n i t s  o r  du r ing  b a t c h  au toc lave  
r e a c t i o n s  may make t h e  d e t e r m i n a t i o n  of t r u e  y i e l d  s t r u c t u r e s  v e r y  d i f f i c u l t .  These 
e f f e c t s  are t h e  r e s u l t  o f  s o l v e n t  i n s t a b i l i t y  and changes under p r o c e s s i n g  condi- 
t i o n s  a s  well a s  va ry ing  s o l v e n t  i n t e r a c t i o n s  w i t h  t h e  c o a l .  Some examples of these  
e f f e c t s  and o f  how they  a l t e r  y i e l d  s t r u c t u r e  d u r i n g  low-rank c o a l  CPU o p e r a t i o n  
have been r e p o r t e d  ( 1 ) .  

The c r i t e r i a  f o r  e v a l u a t i n g  low-rank c o a l  s o l v e n t s  may conven ien t ly  be d iv ided  
i n t o  s i x  c a t e g o r i e s :  1. p h y s i c a l  p r o p e r t i e s ,  i n c l u d i n g  v i s c o s i t y ,  s p e c i f i c  grav- 
i t y ,  s o l v e n t  mixing p r o p e r t i e s ,  and b o i l i n g  p o i n t  d i s t r i b u t i o n ;  2 .  t he rma l  s t a b i l -  
i t y ;  3 .  p o t e n t i a l  H-donor a b i l i t y ;  4 .  pheno l i c  c o n t e n t ;  5 .  coking tendency;  and 
6 .  compound t y p e  d i s t r i b u t i o n .  

Th i s  p a p e r  d i s c u s s e s  some o f  t h e  changes i n  compound type  d i s t r i b u t i o n  f o r  
p a s s e s  one through f o u r t e e n  f o r  two l i q u e f a c t i o n  runs  which were s t a r t e d  up wi th  
d i f f e r e n t  s o l v e n t s .  

EXPERIMENTAL 

Di rec t  l i q u e f a c t i o n  was c a r r i e d  ou t  i n  t h e  Grand Forks  Energy Technology Cen- 
t e r ' s  4 . 5  kg s l u r r y / h r  con t inuous  p r o c e s s i n g  u n i t  o p e r a t i n g  i n  t h e  bottoms r e c y c l e  
mode ( 1 ) .  The o p e r a t i n g  c o n d i t i o n s  and n e t  y i e l d s  f o r  t h e  runs d i s c u s s e d  a r e  summar- 
i z e d  i n  Table 1. 

The s t a r t u p  s o l v e n t s  and r e c y c l e  s l u r r y  ASTM D-1160 d i s t i l l a t e s  from each  run 
were c h a r a c t e r i z e d  by multi-method a n a l y s i s .  The s e p a r a t i o n s  were e f f e c t e d  us ing  
s i l i c a  g e l  column chromatography and s o l v e n t  e x t r a c t i o n .  Determina t ion  o f  t h e  
f r a c t i o n  components was by 50 MHz 13C,  200 MHz l H  NMR spec t romet ry  and c a p i l l a r y  GC 
a s  p rev ious ly  r epor t ed  ( 2 ) .  S e l e c t e d  f r a c t i o n s  were ana lyzed  by c a p i l l a r y  GC-mass 
spec t romet ry .  

The s o l v e n t - e x t r a c t i o n  nonpolar  f r a c t i o n  o f  t h e  ASTM D-1160 d i s t i l l a t e  was 
d i v i d e d  i n t o  (CH3)2SO s o l u b l e  and (CH3),S0 i n s o l u b l e  p o r t i o n s  a s  d e s c r i b e d  i n  t h e  
r e f e r e n c e  (2) t o  s i m p l i f y  i n t e r p r e t a t i o n  of t h e  13C NMR s p e c t r a .  The (CH3)2S0 
s o l u b l e  f r a c t i o n  con ta ined  a r o m a t i c  hydrocarbons  wi th  two o r  more r i n g s  and a romat i c  
e t h e r s .  The (CH312SO i n s o l u b l e  f r a c t i o n  con ta ined  mainly a l k a n e s ,  a l k y l  benzenes 
and t e t r a l i n s .  There was compound o v e r l a p  between t h e s e  two f r a c t i o n s .  The 
concen t r a t ion  of some components o f  t h e  (CH3),S0 s o l u b l e  and i n s o l u b l e  f r a c t i o n s  
were determined by q u a n t i t a t i v e  50 MHz 13C NMR spec t romet ry .  A weighed amount of 
t h e  sample t o  be examined was combined wi th  a known weight  o f  i n t e r n a l  s t a n d a r d  
d ioxane  and r e l a t i v e  peak i n t e n s i t i e s  were used t o  de t e rmine  t h e  c o n c e n t r a t i o n s  of 
t h e  components. The weight  p e r c e n t  o f  each  component was c a l c u l a t e d  a f t e r  c a l i b r a -  
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t i o n  w i t h  a s t a n d a r d .  F i g u r e  1 shows a n  example o f  t h e  1 3 C  NMR s p e c t r a  obta ined  and 
t h e  resonance l i n e s  used t o  de te rmine  d ibenzofuran ,  phenyl  e t h e r ,  acenaphthene,  
f l u o r e n e ,  f l u o r a n t h e n e ,  t e t r a l i n ,  phenanthrene and 2-methylnaphthalene.  The compon- 
e n t  c o n c e n t r a t i o n s  were c a l c u l a t e d  f o r  bo th  f r a c t i o n s ,  weighted f o r  f r a c t i o n  s i z e  
and summed. 

DISCUSSION 

The s t a r t  up s o l v e n t s  used i n  t h e  two l i q u e f a c t i o n  runs  of  Beulah,  North Dakota 
(B-3) l i g n i t e  r e p o r t e d  h e r e  were q u i t e  d i f f e r e n t  i n  composi t ion .  The s o l v e n t  HAOBI 
was t h e  vacuum bottoms p o r t i o n  of an a n t h r a c e n e  o i l  (A01 from Crowley Tar  Products  
CO.) which had been h y d r o t r e a t e d  over  a commercial Co-Mo c a t a l y s t  i n  t h e  GFETC 
t r i c k l e  bed r e a c t o r .  The 200 MHz l H  NMR shown i n  F i g u r e  2 i n d i c a t e s  t h a t  HAOBI was 
a h i g h l y  a l k y l a t e d  mixture  of heavy a r o m a t i c s .  T h i s  i s  i n d i c a t e d  by t h e  l a r g e  Ha 
s i g n a l  a t  2 .5  t o  3 . 1  ppm caused by pro tons  on carbons  a d j a c e n t  t o  a romat ic  r i n g s .  
The o t h e r  s o l v e n t  was a blend of  A04, a h i g h l y  a r o m a t i c  a n t h r a c e n e  o i l  (Crowley Tar  
Products  Co.), and SRC I1 p r o c e s s  middle d i s t i l l a t e .  The 'H NMR of  A04 i l l u s t r a t e d  
in F i g u r e  2 i n d i c a t e s  70% a r o m a t i c  hydrogen s i g n a l s  and a s m a l l  amount o f  non-aroma- 
t i c  hydrogens. The A04 c o n s i s t e d  of 2 and 3 r i n g  a r o m a t i c  s t r u c t u r e s .  The a l k a n e  
a n a l y s i s  was c a r r i e d  o u t  g r a v i m e t r i c a l l y  by s i l i c a  g e l  column chromatography. Both 
o i l s  have l o w  enough a l k a n e  c o n c e n t r a t i o n s  t o  minimize s o l v e n t  c racking  above 460OC. 

however, a s  was s e e n  from t h e  lH NMR s p e c t r a ,  t h e y  a r e  very  d i f f e r e n t  chemical 
mix tures .  Both of t h e s e  o i l s  were adequate  s t a r t - u p  s o l v e n t s  f o r  d i r e c t  l i q u e f a c -  
t i o n .  I n  t h e  s t u d i e s  r e p o r t e d  h e r e ,  t h e  HAOBl was used d i r e c t l y  (Run 45) and t h e  
A04 was mixed 60/40 by weight  w i t h  a n  SRC I1 middle  d i s t i l l a t e ,  (SRCMD, Table  21 ,  t o  
s i m u l a t e  a l i n e d - o u t  r e c y c l e  s o l v e n t  (Run 65) .  

During d i r e c t  l i q u e f a c t i o n  p r o c e s s i n g ,  a c o n s t a n t  a r o m a t i c - a l i p h a t i c  carbon 
r a t i o  of t h e  s l u r r y  ASTM D-1160 d i s t i l l a t e  o i l s  was o b t a i n e d  a f t e r  9-10 passes  
through t h e  r e a c t o r .  F i g u r e  3 shows a p l o t  of t h e  f r a c t i o n  of  a romat ic  carbon,  f a ,  
a g a i n s t  t h e  pass  number. The s t a r t - u p  mixture  o f  A04 and SRCMD (60/40) had an 
a romat ic  carbon f r a c t i o n ,  f a ,  of 0 .79 .  A f t e r  9-14 p a s s e s  t h e  v a l u e  had dropped t o  
0 .70 and l e v e l e d  o f f .  

The change i n  c o n c e n t r a t i o n  of  some components w i t h  t h e  number of passes  
through t h e  r e a c t o r  was convenient ly  fol lowed by 1 3 C  NMR spec t romet ry .  These 
changes a r e  p r e s e n t e d  i n  F i g u r e s  4 and 5 .  F luoranthene ,  phenanthrene ,  acenaphthene,  
and d ibenzofuran  change most r a p i d l y  d u r i n g  t h e  14 p a s s e s  through t h e  r e a c t o r ,  
dropping t o  1/10 t o  1 / 3  of  t h e i r  f i r s t  p a s s  c o n c e n t r a t i o n s .  These components a r e  
n o t  formed from t h e  l i g n i t e  a s  r a p i d l y  a s  t h e y  a r e  b e i n g  d i s p l a c e d  from t h e  recyc le  
p a s s  s l u r r i e s  by t h e  product  format ion .  Other  components determined showed gradual  
changes i n  c o n c e n t r a t i o n  and appeared t o  be  approaching  c o n s t a n t  composi t ion.  
During t h i s  same t ime t h e  c o n c e n t r a t i o n  o f  phenols  i n c r e a s e d  from 13.0% a f t e r  p a s s  1 
t o  17.0% a f t e r  p a s s  14 .  The changes seen  i n  t h e  c o n c e n t r a t i o n s  of  t h e s e  components 
i n  a d d i t i o n  t o  r e f l e c t i n g  d i l u t i o n  a s  t h e  s o l v e n t  i s  r e p l a c e d  by l i g n i t e - d e r i v e d  
p r o d u c t s ,  a l s o  r e p r e s e n t s  a b a l a n c e  between d e g r a d a t i o n  and product ion  of  each 
component. 

F i g u r e  6a and 6b show t h e  13C NMR s p e c t r a  of  t h e  (CH3)zS0 s o l u b l e  f r a c t i o n  of 
t h e  r e c y c l e  s l u r r y  d i s t i l l a t e  from two runs  wi th  North Dakota Beulah-3 (83) l i g n i t e .  
F i g u r e  6a shows t h e  spectrum f o r  p a s s  12 when HAOBl was used a s  t h e  s t a r t - u p  so lvent  
(Run 45) ;  whi le  F i g u r e  7b shows t h e  spectrum from p a s s  14 when a mixture  of A04 and 
SRCII middle d i s t i l l a t e  was t h e  s t a r t - u p  s o l v e n t  (Run 65) .  The (CH3I2SO s o l u b l e  
p o r t i o n  of  t h e  AOLISRCMD i s  shown f o r  comparison i n  F i g u r e  7c.  When a comparable 
l i q u e f a c t i o n  run i s  s t a r t e d  wi th  a d i f f e r e n t  s o l v e n t ,  a n a l y s e s  of  t h e  products  a re  
d i f f e r e n t  a f t e r  14 p a s s e s .  Many of  t h e  same components were found i n  each of  the 
l i q u i d s  b u t  t h e r e  a r e  some components t h a t  a r e  not  common t o  both .  The e t h e r s ,  
d ibenzofuran  and phenyl  e t h e r ,  in t roduced  wi th  t h e  AO4/SRCMD a r e  one of  t h e  mast 
prominent f e a t u r e s  of t h e  13C NMR s p e c t r a  o f  a l l  t h e  l i q u i d s  f o r  which t h i s  s t a r t - u p  
s o l v e n t  was used.  I n  Run 6 5 ,  t h e  c o n c e n t r a t i o n s  of  t h e s e  e t h e r s  l e v e l  o f f  a t  20 t o  

The two anthracene  o i l s  have n e a r l y  i d e n t i c a l  e l e m e n t a l  a n a l y s e s  and H / C  r a t i o s ;  
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40% of t h e i r  i n i t i a l  c o n c e n t r a t i o n  i n  t h e  s t a r t - u p  m a t e r i a l  (F igure  5 ) .  This  i n d i -  
c a t e s  some product ion  of e t h e r s  from t h e  c o a l  o r  from o t h e r  components o f  t h e  Solvent 
i s  t a k i n g  p l a c e .  I n  Run 4 5 ,  which was s t a r t e d  w i t h  HAOB1, both o f  t h e s e  e t h e r s  a r e  
a b s e n t  i n  t h e  p r o d u c t s .  

Multi-method a n a l y s i s  of  t h e  two s l u r r y  ASTM d i s t i l l a t e s  is given i n  Table  3 .  
The p e r c e n t  of  t h e  ASTM d i s t i l l a t e  c h a r a c t e r i z e d  ranged from 45 t o  48%. 

I t  may be  concluded t h a t :  

1. A new technique  f o r  d e t e r m i n a t i o n  of s e l e c t e d  major components of t h e  
vacuum d i s t i l l a t e  f r a c t i o n  of l i g n i t e  l i q u e f a c t i o n  product  was developed 
u s i n g  50 MHz I 3 C  NMR a n a l y s i s  preceded  b y  s imple  a n a l y t i c a l  s e p a r a t i o n s .  

2 .  While average  molecular  p r o p e r t i e s  such a s  f a  v a l u e s  may appear  c o n s t a n t ,  
some components of  t h e  vacuum d i s t i l l a t e  of a r e c y c l e  s l u r r y  cont inue  t o  
change i n  c o n c e n t r a t i o n  w h i l e  o t h e r s  a p p e a r  t o  be  n e a r i n g  c o n s t a n t  composi- 
t i o n .  

C e r t a i n  unique components such  a s  d ibenzofuran  and d i p h e n y l e t h e r  were only 
p r e s e n t  i n  p r o d u c t s  o f  runs  where t h e y  were p r e s e n t  i n  t h e  s t a r t  up sol-  
v e n t .  

3 .  

4 .  Concent ra t ion  d i f f e r e n c e s  were noted  among t h e  compounds determined i n  t h e  
multi-method a n a l y s i s  of  vacuum d i s t i l l a t e s  of  r e c y c l e  s l u r r i e s  s t a r t e d  up 
wi th  d i f f e r e n t  s o l v e n t s .  A d d i t i o n a l  d i f f e r e n c e s  were observed i n  examina- 
t i o n  of t h e  whole sample by NMR, s u g g e s t i n g  f u r t h e r  v a r i a t i o n s  among t h e  
52-54% of t h e  sample n o t  i d e n t i f i e d  by t h e  multimethod a n a l y s i s .  
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i TABLE 1 

CONTINUOUS PROCESS UNIT - SLURRY RECYCLE TESTS 

CPU Run No. 

Coal 
Coal m o i s t u r e ,  w t  % 
Addi t ive  
Gas 
S t a r t - u p  s o l v e n t  

Run Condi t ions :  

Temperature ,  O C  

P r e s s u r e ,  p s i g  
Reactor  

Summary Data (wt % maf c o a l ) :  

Net d i s t i l l a t e  
Net SRL + d i s t i l l a t e  
O v e r a l l  maf c o a l  

convers ion  
No. p a s s e s  through 

r e a c t o r  

45 

B3 
29.5 

L t  o i l  
H 2  

M O B  1 

460 
2000 

O T R ~  

45.4 
61.2 
91.5 

12 

65 

B 3  
2.8 

L t  o i l  
H2 

SSOLa 

460 
2600 

OTR 

47.9 
61.6 
90.1 

14 

aSSOL = A04/SRCMD, 60 /40  by weight  ( s e e  Table  2 ) .  

bOTR = 1% inch  by 5 f o o t  open t u b u l a r  r e a c t o r .  

TABLE 2 

PROPERTIES OF SOLVENT COMPONENTS 

Proton  NMR % % 

O i l  C H N S H / C  Ash Ha H H Alkane Phenols 
___ - - - - - - H a r - o p h e - -  
a'bHAOB1 90.49 5.87 0.85 0.53 0.78 0.0 24.3 32.5 43.2 -- 9 

aA04 90.84 5.98 0.85 0.49 0.79 0.0 70.0 19.5 10.5 -- 2 

-- 
--  

'SRCMD 88.53 6.88 0.85 3.28 0.93 0.0 58.0 22.0 10.0 5 8 32 

aAnthracene o i l  o b t a i n e d  from Crowley Tar  and Chemical Company. 

bHydrogenated a n t h r a c e n e  o i l  bot toms (Co-Mo c a t a l y s t ,  420°, 3500 p s i ) ,  n o t e - - o r i g i -  
n a l l y  A04 and unhydrogenated A O B l  were v e r y  d i f f e r e n t .  

'SRC middle  d i s t i l l a t e  from F t .  L e w i s ,  Washington, SRC P i l o t  P l a n t ,  Powhatan No. 5, 
ASTM D-86. 
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Reactor Passes 

FIGURE 3 .  - Variation in fraction o f  aromatic carbon, f a ,  for slurry 
d i s t i l l a t e  w i t h  number o f  reactor passes, Run 65. 
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FIGURE 4 .  - Variation in 
concentration o f  
fluoranthene with 
pass number, 
Run 65. 
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F l G U R l  5 .  - Varlat lon I n  rolmnncnt conrcnfratlon d t h  Pass through the 
rcactnr. Run 61. 
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The hydrogen donating ability of coal liquefaction solvents is often 
cited as a prime factor affecting both liquefaction yields and product quality. 
A current discussion of liquefaction mechanisms has recently been published 
(1). 
the free radical mechanism of liquefaction first explicitly stated by Curran, 
Struck, and Corin (2). According to this view, free radicals generated in 
coal by thermolytic reactions are quenched in greater or lesser amounts depend- 
ing upon the availability of donable hydrogen. 
ratory (3) has employed the benzyl radical as a model hydrogen acceptor with 
which to evaluate the relative ability of liquefaction solvents to donate 
hydrogen. 
the thermolysis of either dibenzyldiazene or dibenzylmercury at the relatively 
moderate temperature of 170OC. 
by hydrogen abstraction from solvent; the amount of toluene reflected the 
relative donor strength of the solvent. In addition, sizeable portions of the 
benzyl radical dimerized, forming bibenzyl; and other portions added to or 
combined with the solvent. Preliminary evidence was found that the yields of 
toluene produced in different coal-derived solvents could be correlated with 
liquefaction yields obtained by standard microautoclave tests of coal lique- 
faction activity. 

The influence of hydrogen donors is generally interpreted according to 

Previous work in this labo- 

Benzyl radicals were generated in the presence of donor solvent by 

A portion of the benzyl radicals formed toluene 

Detailed kinetic analysis of these experimental results was hampered by 
the side reactions of benzyl radical, in particular, dimerization and combination 
with solvent. 
many properties. To understand the influence of each property, it is necessary 
to isolate and separately evaluate the effect of different variables. Of 
primary interest is knowing the relative rate constants for hydrogen abstraction 
by benzyl radical from known or potential donor molecules. 
obtaining such data is described here. 

The overall performance of a solvent is governed by a blend of 

A method for 

Relative rates of hydrogen abstraction have been measured by allowing 
donors to compete with a reference donor for benzyl radical. 
follows that used by Pryor et al. ( 4 )  for determining the reactivity patterns 
of the methyl radical with various hydrocarbons. 
for the present experiments was dibenzylmercury. Rate constants for its 
thermal decomposition have been measured (5). Triphenylsilane deuterated at 
the silyl position was selected as the reference donor. 
reactive donor and is readily prepared in the deuterated form by the reaction 
of triphenylsilylchloride with LiAlD,,. 

The method 

The source of benzyl radical 

This compound is a 

+Present Address: Gulf Research and Development Company, Pittsburgh, PA 15230 

14 



The competition experiment is summarized by the following set of equations: 

PhCH2-Hg-CHzPh + 2PhCH2. + Hg 1) 

PhCH2. + RH + PhCH3 + Re 2) 

PhCH2. + Ph3SiD -f PhCH2D + Ph3Si- 3) 

2PhCH2. -+ PhCH2CH2Ph 4 )  

2PhgSi- -+ PhgSiSiPh3 5) 

PhCH2. + R’H -f PhCH3 + R’ 6 )  

PhCH2. + R. -f PhCHZR 7) 

RH represents the donor compound whose activity is to be measured. R ’H 
represents all other sources of hydrogen in the system. Primarily, these are 
minor contributors, including solvent, reaction products, and impurities. 
Under pseudo-first order conditions for reaction with the reference donor and 
the donor compound in question (RH), the ratio of toluene to deutero-toluene 
is given by the following: 

[ PhCH3 1 k2 [RHI ks [R’HI 

[PhCHzD] k3 [Ph3SiD] k3 [Ph3SiD] 
+ - =  

The desired measure of relative reactivity, the ratio of rate constants 
k2/kg, is taken as the slope of the plot of [PhCH3]/[PhCH*D] versus [RH]/[Ph3SiD]. 
The intercept is proportional to the concentration of hydrogen sources other 
than the donor compound. 

The decompositions of dibenzylmercury were carried out in sealed stainless 
steel microreactors of about 2.5 mL capacity. The solvent was t-butylbenzene. 
This solvent was previously found to have negligible hydrogen donor capacity ( 3 ) .  
Solutions were heated to 17OoC for 18 hours, which assures complete extinction 
of dibenzylmercury based on calculations using published rate constants for 
dissociation (5). In a typical experiment, 0.1 m o l  dibenzylmercury was 
decomposed in the presence of 1.0 mmol triphenylsilane-d and from 0.5 to 
10 mmol of hydrogen donor compound. 

After reaction was complete, the toluene produced was analyzed for 
deuterium content either by direct injection of the total product on GC/MS or 
by prior isolation of the toluene by GC, followed by analysis using high 
resolution mass spectrometry. Essentially identical results were obtained 
when the two methods were compared. 

A plot of data for tetralin is shown in Figure 1. A s  may be seen, the 
expected linear relationship is found. The correlation coefficient for the 
straight line found by the least squares method is 0.997. From the slope of 
the line, the ratio of rate constants 
case of tetralin. Evaluation of relative rate constants for other donors is 
currently underway. 

kg/k3 is determined to be 1.17 in the 
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THE USE OF 1 , l ' -B INAPHTHYL TO STUDY H-DONOR SOLVENTS 
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T h e  d i r e c t  l iquefaction o f  coal uses hydrogen donor solvents which serve a 
va r ie t y  of purposes inc lud ing  solvat ion of coal, shu t t l i ng  of hydrogens among the 
d i f f e ren t  molecules present,  and d i rec t  hydrogenat ion o f  the  coal. These proces- 
ses can be be t te r  understood b y  s tudy ing  the  reactions o f  each H-donor w i th  the 
coal o r  p re fe rab ly  w i t h  a model substance whose produc ts  a re  easily analyzed. 

One general ly accepted mechanism f o r  coal l iquefact ion involves thermal cleav- 
age t o  form f ree  radicals which can then e i ther  abs t rac t  a hydrogen to  form a 
stable lower molecular weight species, rear range t o  o ther  molecules, o r  combine 
w i t h  other f ree  radicals o r  aromatic molecules t o  fo rm undesirable h igh  molecular * 
weight polymers (1).  The  use o f  hyd rogen  o r  synthesis gas (50% hydrogen and 
50% carbon monoxide) and te t ra l in  o r  o the r  H-donor solvents increases yields o f  
d ist i l lable p roduc t  ( 2 ) .  

Some methods developed f o r  s tudy ing  H-donors involve the  generation of 
benzy l  radical b y  var ious means and tes t i ng  the  ex ten t  t h a t  an  H-donor wi l l  release 
i t s  hydrogen t o  the  react ive radicals.  The  generat ion o f  benzyl  radicals has been 
car r ied  out w i t h  phenylmethyldiazine a t  17OOC (3), d ibenzylmercury a t  130-210OC 
( 3 ) ,  and bibenzyl a t  375OC (4); and a scale o f  reac t iv i t y  of H-donors w i th  benzyl 
radical  a t  these temperatures . was developed. Attempts were made t o  correlate 
resu l ts  o f  stabi l iz ing benzy l  radical  w i t h  resu l ts  o f  coal-processing experiments. 

Benzyl radical  systems have several disadvantages. They  include the  rela- 
t i ve l y  low temperatures compared to  l iquefact ion condi t ions o f  t he  diazine and 
dibenzyl  mercury degradations, and t h e  number o f  p roduc ts  formed f rom competing 
radical  reactions. 

In a n  ear l ier  s tudy  of the  dimerizat ion o f  phenanthrene (5) we found tha t  the  
amount o f  po lyphenanthry ls  and b iphenanthry ls  formed a t  high temperatures was 
signi f icant ly decreased in the  presence o f  te t ra l in .  A t  l iquefaction temperatures 
and pressures (46OOC and  27.6 MPa), t h e  phenanthry l  radical reacted w i th  hyd ro -  
gen instead of polymeriz ing.  As  a model, t he  phenanthrene system may resemble 
t h e  coal system. The  radicals a re  stabi l ized w i th  hydrogen from the  H-donor.  
Analysis problems encountered w i t h  the  phenanthrene system included formation of 
a large number of b iphenanthry l  isomers in a small concentration, t he  low vo la t i l i t y  
of b iphenanthry ls  in GC analysis, and t h e  formation o f  polymers. 

A be t te r  system o f  comparing H-donors a t  coal l iquefact ion temperatures 
(450-5OO0C) was sought which would y ie ld  a small number o f  major p roduc ts  which 
could be  convenient ly analyzed by gas chromatography. 

DISCUSS ION 

The  stabi l i ty  o f  a number o f  b ia ry l s  a t  470°C was screened. B ia ry l s  tested 
included 1 , l ' -b inaphthy l ,  2,2 ' -b inaphthyl ,  p - te rpheny l ,  b iphenyl ,  9,9'-biphenan- 
thryl, and  1 , l ' -b ipyreny l .  T h e y  were each heated w i t h  te t ra l in  at  47OOC f o r  1 
hour .  1 , l ' -B inaphthy l  was observed t o  fo rm s ign i f i can t  yields of the  coupl ing 
produc t ,  perylene. 

The  coupl ing o f  1 , l ' - b inaph thy l  has been repor ted  b y  Copeland, et  al., (6)  
who found perylene t o  be formed in 19% y ie ld  when heated t o  49OOC f o r  3 hou rs  in 
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t h e  presence o f  decalin, H2 gas and catalyst .  Gilman and  Brennan (7) observed 
t h e  same produc t  when 1 , I1 -b inaphthy l  was placed in d r y  1,2-dimethoxyethane and 
l i th ium metal. Solodovikov, e t  al, (8)  found pery lene t o  be  produced from 
I , l ' - b inaph thy l  w i th  potassium in 1,2-dimethoxyethane. 

The effect  o f  var ious hydrogen donors on the  dimerization react ion of 
1 , l I -b inaphthy l  was studied. Each hydrogen donor (0.59) was placed in a react ion 
tube  w i th  1 , l ' -b inaphthy l  (0.59) w i th  benzene (solvent)  and heated t o  47OOC fo r  1 
hour .  The  resu l ts  are summarized in Table 1. 

TABLE 1 

PERYLENE/BINAPHTHYL RATIO FROM REACTION OF H-DONOR 
WITH 1, l ' -BINAPHTHYL, 1 HOUR A T  47OOC 

H -Donor 

1. Blank 
2 .  Tet ra l in  
3. Dihydronaphthalenea 
4. 
5. II2,3,4-Tetrahydrophenanthrene 
6. Octahydrophenanthrene 
7. 9,  I O -  Di h y d  roanthracene 
8. Octahydroanthracene 
9. Di  and Tet rahydropyrene 

9,  I O -  Di h y d  rophenanth rene 

I O .  1,2,3,6,7,8-hexahydropyrene 

Perylene/Binaphthyl  x 10' 

1.4 
1.3 
3.4 
3.1 
7.8 
6.3 

17.7 
6.3 

14.1 
28.0 

a Mix tu re  o f  72% 1,2- and 28% 1,4-dihydronaphthalene. 
Mix tu re  o f  68% 4,5-dihydropyrene and 24% 4,5,9,10-tetrahydropyrene. 

I n  the absence o f  H-donors, on l y  s ta r t i ng  material and rear ranged 1,2'-binaph- 
thy1 and 2,2'-binaphthyl were observed w i th  packed column GC. When H-donor 
was added perylene was formed. T h e  reactions had some H-donor and i t s  various 
dehydrogenated isomers remaining. The  b inaphthy l  and pery lene were analyzed by  
GC and the ra t io  o f  perylene/binaphthyl  was noted. 

The  mechanism o f  coupl ing is  no t  well understood. Phenanthrene, when 
reacted in t h e  absence o f  H-donors, produced produc ts  f rom the  phenanthry l  
radicals formed by thermal cleavage o f  C -H  bonds. T h e  addi t ion o f  H-donor 
g rea t ly  inh ib i ted  b u t  d i d  no t  completely p reven t  t he  formation o f  these products.  
T h e  coupl ing tendencies o f  the  1 , I1 -b inaph thy l  in the  presence o f  H-donors were 
t h e  reverse o f  those observed w i th  phenanthry l  radical .  T h e  coupl ing o f  
1 , I1 -b inaphthy l  in t h e  8,8' posi t ion is  ster ical ly favored, reduc ing  the  formation o f  
by-produc ts .  

A b inaphthy l  radical may be  formed b y  thermal cleavage o f  t he  C-H bond, bu t  
increased amounts o f  perylene w i t h  H-donor suggest t h a t  t h e  H-donor i s  act ing as 
an  in i t ia to r  o f  t he  coupl ing reaction. A mechanism is  proposed in F igure  1 which 
appears to  be  consistent w i th  the  resu l ts  observed. The  proposed mechanism 
would suggest t ha t  more ef fect ive hydrogen donors would g i ve  h igher  perylene/ 
b inaphthy l  rat ios.  

There  appear t o  be  several advantages to  th i s  system over  phenanthrene or  
benzyl  radical systems o f  evaluat ing H-donors. One advantage i s  the  lower molec- 
u la r  weight p roduc t  compared t o  the  produc ts  produced by phenanthrene. Pery- 
lene wi l l  separate on  a 6' x 1/8" 3% Dexsil on 100/200 Supelcoport column in less 
than 15 minutes w i th  temperatures no  h ighe r  than 300OC. The  biphenanthryls 
requ i red  30 t o  45 minutes and a column temperature programmed to  4OO0C. Another 
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advantage o f  t he  b inaphthy l  system i s  t h a t  on l y  one major p roduc t  (perylene) i s  
produced in t h e  coupl ing reaction, where several isomers in low yields were found 
w i t h  phenanthry l  radicals. A third advantage o f  t he  b inaphthy l  system as a model 
system t o  evaluate H-donors as compared t o  the  benzy l  system i s  the  substantial 
decrease in side produc ts .  Benzyl  radicals react w i t h  o ther  radicals and aromatic 
compounds giving a va r ie t y  o f  compounds (9).  The  close prox imi ty  of t he  proposed 
f ree  radical a t  t he  8-position o f  1 , l ' - b inaph thy l  t o  t h e  8'-position appears to  limit I 

side products f rom t h i s  react ion.  S t i l l  another advantage o f  t he  b inaphthy l  system 

b inaphthy l .  The h igher  temperature more closely resembles l iquefact ion conditions. 

t8 

, 

over  t h e  b ibenzy l  system is  the  h ighe r  temperature requ i red  f o r  coupl ing of the ! 

EXPERIMENTAL 
I 

1, l ' -B inaphthy l ,  2 ,2 ' -b inaphy thy l  and p - te rpheny l  were purchased from 
Eastman Kodak Company. 1 , I& -B inaph thy l  was also synthesized by established 
procedures ( I O ) .  

The  hydrogenated H-donors were  prepared by react ion o f  t he  aromatic hydro-  
carbons w i t h  hydrogen and Na/Rb ca ta lys t  (II), wi th  hydrogen and Pd-C catalyst 
( l 2 ) ,  o r  w i th  Na in amyl alcohol (13). Packed column gas chromatography was 
used f o r  quant i ta t i ve  analyses and GC-MS was used t o  i den t i f y  t h e  components. 

Reaction vessels of 2-ml capaci ty were Gyrolok 3'' 316 SS union w i th  end 
caps. Vessels were heated in a Techne Model SBL-2 f lu id ized-bed sand bath 
equipped w i th  a Techne Model TC4D temperature control ler  which control led the 
temperature w i th in  IOC. The  time requ i red  f o r  heat-up was 5 minutes. Reaction 
vessels were quenched in water. 
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Research in coal l iquefac t ion  c a t a l y s i s  has centered on inexpensive o r  disposable 
heterogeneous c a t a l y s t s ,  usua l ly  na tu ra l ly  occurring minerals cons is t ing  of a metall ic 
s u l f i d e  such as  p y r i t e ,  o r  heterogeneous recoverable c a t a l y s t s  cons is t ing  of a 
t r a n s i t i o n  metal on an ac id  s u p p o r t  such as s i l i c a  or alumina, which i s  generally 
presulfided before  use. These c a t a l y s t s  have been t e s t ed  almost exc lus ive ly  with 
bituniinous coa l s ,  w i t h  l i t t l e  emphasis addressing LRC's s p e c i f i c  proper t ies ,  such as 
high r eac t iv i ty  and oxygen func t iona l i t y ,  s u l f u r  def ic iency ,  and smaller molecular size.  
Only recent ly  has i t  been proposed t h a t  in many, i f  not a l l ,  of these  systems t h a t  the 
c a t a l y t i c  e f f ec t  i s  due la rge ly  t o  the  s u l f u r  r a the r  than the me ta l l i c  species.  

For ins tance ,  p resu l f id ing  metal oxide hydrogenation c a t a l y s t s  has long been known 
t o  enhance l iquefac t ion  y i e lds .  Hcwever, t he  reason(s )  f o r  t h e  enhancement i s  unclear. 
Tanabe (1) has ascr ibed  the  r e s u l t s  t o  a p a r t i a l  conversion of t he  metal oxides to  metal 
s u l f i d e s ,  affording mixed su l f ide-oxides  as more a c t i v e  c a t a l y s t s .  However, during 
hydrogenation in the presence of presu l f ided  Ca ta lys t s ,  hydrogen su l f ide  i s  evolved in 
such quan t i t i e s  t h a t  spec ia l  precautions must be observed when venting the  gases from 
such reaction mixtures t o  prevent t ox ic  H S from escaping ( 2 ) .  Moroni (3 ,4 )  claims t o  
have ind i r ec t  evidence t h a t  gaseous H S i <  not pa r t i c ipa t ing  in the  reductions of coal 
s ince  added i ron  oxides which ord inarq ly  t r a p  H S do not lower l iquefac t ion  y i e lds .  
H S can replace OH groups on a lcohols  ( 5 ,  6 )  an8 reac t  with CO t o  form COS + H 2  (7), 
w6ich has been shown t o  be benef ic ia l  t o  coal conversion. 

RESULTS A N D  DISCUSSION 

We have observed t h a t  H S i s  a f i n e  reducing agent f o r  bibenzyl (Table l ) ,  
diphenylmethane (Table 2 ) ,  a id  diphenyl su l f ide  (Table 3) .*  The data of Tables 1-3 imply 
t h a t  chemical reac t ions  of H,,S a r e  of nore than one type. 
hydrocracking abi 1 i t y  as evibenced by the  conversion of bibenzyl toLbenzene and toluene. 
Furthermore i t  b e t t e r  accomplishes the  reductiori than pure H,, as i l l u s t r a t e d  by the 
conversions in Table 1. A s imi l a r  l e s s  dramatic e f f e c t  i s  ebident in the  reactions of 
diphenylmethane of Table 2 .  

bibenzyl reactqons o f  Table 1 requi res  t h a t  hydrogen be t r ans fe r r ed  from H,S t o  the 
products as  they a r e  forming. 
toge ther  with the  H S hydrogen donation reac t ion  gives tips t h e  overa l l  ro le  of a 
hydrogen t r ans fe r  a?jent. 

F i r s t ,  H A  shows 

Second, H S appears t o  be a hydrogen donor. The remarkable stoichiometry of the 

Since a t  425"C, reac t ion  1 i s  known t o  be obera t iona l ,  i t  

H 2  + S H2S (1) 

Third,  H S can form aromatic-sulfur bonds implying s u l f u r  can a t t ack  aromatic 
r ings ,  c f .  Tagle 2 .  
i n  equimolar quan t i t i e s  t o  Zcluene. 
reac t ion .  

When H S i s  reacted w i t h  diphenylmethane a t  425"C, thiophenol forms 
An intermediate of type ( I )  i s  p laus ib le  f o r  t h i s  

I 
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Four th,  a l t hough  o u r  da ta  does n o t  d i r e c t l y  demonstrate t h e  e x i s t e n c e  of r e a c t i o n  
2, i t s  ex i s tence  has been documented a t  l i q u e f a c t i o n  temperatures ( 6 ) .  A second source 
O f  e lementa l  s u l f u r  i s  r e a c t i o n  3. 
l i q u e f a c t i o n  Cond i t i ons  ( 9 ) .  The v a r i o u s  forms o f  e lementa l  s u l f u r ,  S , a r e  expected t o  
e x h i b i t  hydrogen a b s t r a c t i o n  a b i l i t y ,  c f .  r e a c t i o n  4. T h i s  t y p e  r e a c t f o n  appears t o  
b e s t  account f o r  t h e  a b i l i t y  o f  s u l f u r  t o  r a p i d l y  demethy late N ,N-d ime thy lan i l i ne  i n  
reduc ing  atmospheres a t  425°C (10) and d i m e r i z e  diphenylmethane a t  425°C i n  t h e  presence 
o f  s u l f u r .  

Hence, e lementa l  s u l f u r  may have a r o l e  i n  t h e  

450°C 
2H2S - 2H2 + S2 
2R + H2S - 2HR + S ( 3 )  

RH f Sx - R f SxH (4) 

The observed r e d u c t i o n  c a p a c i t y  o f  H S can be a t t r i b u t e d  t o  i t s  m i d d l e  range bond 
d i s s o c i a t i o n  energy o f  H S ( 9 ) .  
of most CH bonds, whereag those  o f  H2S were n e a r l y  t h e  same. The g p p r o p r i a t e  bond 
d i s s o c i a t i o n  energ ies are:  

The b o n d * d i s s o c i a t i o n  energy o f  H i s  g r e a t e r  t h a n  t h a t  

H2S - H + SH H = 93 kcal /mole,  

S H + H  + S H = 83 kcal /mole,  and 

H2 --i- 2H H = 102 kcal /mole.  

Thus, f o r  H , c a t a l y s t s  o f  some t y p e  a r e  needed un less  s u f f i c i e n t l y  h i g h  thermal  energy 
can c i r c u m d n t  t h e  endothermic process. 

The convers ion o f  diphenylmethane ( D P K )  i n t o  p roduc ts  i s  p robab ly  due t o  t h e  
presence o f  s u l f u r  i n  t h e  r e a c t i o n  m i x t u r e .  C e r t a i n l y  s u l f u r  promotes t h e  convers ion  o f  
diphenylmethane i n t o  p roduc ts  much more r a p i d l y  than  H S does (Tab le  4 ) .  
causes 1 i t t l e  conve rs ion  o f  diphenylmethane. The reac$ ion  o f  S w i t h  diphenylmethane' is 
r a p i d  (Tab le  5 )  and t h e  p roduc t  d i s t r i b u t i o n  changes w i t h  t ime .  
a long  with s u l f u r  enhances t h e  f o r m a t i o n  o f  t o l u e n e  and th iopheno l  and reduces t h e  y i e l d  
o f  l a r g e  molecule p roduc ts  and convers ion  (Tab le  6 ) .  
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Reducing gases 

H2(750 p s i g ) ,  H20 
H2S(40 p s i g ) ,  H20 

H2S(80 p s i g ) ,  H20 
H2S(120 p s i g ) ,  H20 
H2S(160 p s i g ) ,  H20 

tl2S(20O p s i g ) ,  H20 

H2S(240 p s i g ) ,  H20 
H2S(40 p s i g )  
H2(750 p s i g )  

TABLE 1 
a 

RECUCTION OF BIBENZYL WITH HYDROGEN SULFIDE 

PhH - PhCH3 PhC& -2-3 Ph CHCH ~ PhCHCHPh 

18.1% 21.3% 17.9% 1% 1% 
0.9 31.8 0 7.6 13.6 

5.5 68.3 0 0 0 
8.5 84.3 0 0 0 

7.1 63.9 0 0 0 

4 . 1  68.4 0 0 0 
2.9 64.3 0 0 0 
0.4 10.8 0 7.2 17.3 

11.0 14.2 14.5 5.1 0 

Conversion 

58.3% 
53.9 

73.8 
92.8 
71.0 

72.5 

67.7. 

35.7 
44.8 

aWeight percent  y i e l d ;  2.75 g b i b e n z y l ,  A r  added t o  1500 p s i g ,  r e a c t i o n s  done i n  a 
250-1111 H a s t e l l o y  C r o c k i n g  a u t o c l a v e  apparatus f o r  2 hours a t  425°C. 
p resen t ,  10.8 nl (0.6 mole)  was used. 

When wa te r  was 

TABLE 2 
a 

REDUCTION OF DIPHENYLMETHANE WITH HYCROGEW SULFIDE 

Reducing gases PhH PhCh3 Thiophenol Conversion 

H2(750 p s i g ) ,  ti20 1.7% 2.7% 0% 4.4% 
H2S(40 p s i g ) ,  H20 0 0 0 0 
H2S(80 p s i g ) ,  H20 T 5.5 6.3 11.8 

H2S(120 p s i g ) ,  H20 T 7.9 5.1 13.0 

H2S(200 p s i g ) ,  H2G T 7.0 5.9 12.9 
H2S(240 ps ig ) ,  H20 T 6.6 4 .1  10.7 

aWeight percent  y i e l d s ;  2.75 g diphenylmethane, A r  added t o  1500 p s i g ,  r e a c t i o n s  done i n  
a 25C-ml H a s t e l l o y  C r o c k i n g  a u t o c l a v e  apparatus f o r  2 hours a t  425°C. 
p resen t ,  10.8 m l  (0.6 mo le )  was used. 

When water  was 
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TABLE 3 

CONVERSION OF DIPHENYL SULFIDE WITH HYDROGEN SULFIDE 

Condi t i o n s a  - PhH PhCH3 PhSH PhC02tJ 

H23 H20 11.1% 2.9% 

H2S. H20 0.6 23.6 

H29 H20, H2S 10.0 15.4 

CO, H20, H2S 8.0 0.5 13.6 1.4 

CO, H20 6.4 0.4% 2.3 7.5% 

A l l  r e a c t i o n s  were run  f o r  32 m inu tes  in .12-ml  au toc laves  a t  450°C. a 

System 
Time, Min 
Conversion, % 

TABLE 4 

Tt l t  PYROLYSIS OF DIPHENYL14ETHANE WITH S AND H2S-Sa 

S u l f u r  ' H2S-Sul furc  
30 30 
49.9 35.8 

Convers ion 

14.0% 
16.6 
24.2 

25.4 
23.5 

_.- 

Benzene 
Toluene 

T h i  ophenol 
Diphenyl  su l  f i d e  
Unknown 
Dibenzothiophene 
Th i  oxanthene 

Triphenylmethane 
9,10-Dihydro-9,10-diphenylartthracene 
Te t rapheny le thy lene  
12?13-Dihydrodinaphtothiophene 
1' ,1' ,l'-Triphenyl-2-phenylethane 
Large molecule p roduc ts  

1.1 
3.9 

6.9 
t r a c e  

0.7 
1.3 
0.2 
0.2 

1.6 
0.3 

35.2 

1.0 
8.0 

9.0 

0.4 

0.7 
0.8 

2.0 
0.4 

t r a c e  

0.4 
t r a c e  
25.2 

aReact ion temperature was 425°C and t h e  y i e l d s  a r e  r e p o r t e d  i n  moles p e r  100 mole o f  
diphenylmethane except  f o r  t h e  l a r g e  molecule p roduc ts  which a r e  r e p o r t e d  i n  we igh t  
percent .  

bThe molar  r a t i o  o f  s u l f u r  t o  diphcnylmetharie was 1 and t h e  r e a c t i o n  was c a r r i e d  o u t  
under an i n i t i a l  charge o f  one atmosphere p ressu re  o f  argon. 

'The molar  r a t i o s  o f  H2S t o  diphenylmethane t o  s u l f u r  was 1:2.5:1. 
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TABLE 5 

THE S-INDUCED PRODUCT DISTRIBUTION ON DIPHENYLMETHANE (DPM) WITH TIMEa 
1 . I  

30 60 120 
48.8 47.5 

Time, min. Ob 
Conversion % 46.9 49.9 

Benzene 
To1 uene 
Thiophenol 
Unknown 
Thiobenzophenone 
Thioxanthene 
T r i p he ny 1 methane 
9-Phenyl f luopene 
9,10-Hydro-9,10-diphenylanthroerie 
Tetraphenyl  e t h y l  ene 
12,13-Di hydrodnaphtothiophene 
1,1,1,2-Tetraphenylethane 

0.4 
0.6 
3.0 
1.2 
0.9 
1.3 
0.5 
0.9 
0.2 
7.6 
1.6 
0.2 

- 
1.1 
3.9 
6.9 

0.7 
1.3 

0.2 
0.4 
1.6 
0.3 

1.3 1.8 
4.2 3.3 
7.3 5.5 

0.9 0.7 
1.6 1.1 

0.3 0.3 

1.5 1.7 
0.3 

aThe r e a c t i o n  temperature was 425°C. The s u l f u r  t o  DPM mo la r  r a t i o  was 2 : l  were c a r r i e d  
o u t  under an i n i t i a l  charge o f  one atmosphere p ressu re  o f  argon. 
r e p o r t e d  i n  moles p e r  100 moles o f  diphenylmethane. 

The y i e l d s  a r e  

bThe heat-up t i m e  was 2 minutes.  

TABLE 6 

THE H2S/S IKGljCED PRODUCT DISTRIBUTION FROM OIPHENYLMETHANE WITH TJMEa 

Time, min 0 15 30 60 120 
DPM Conversion,% 7.8 34.3 35.8 32.9 31.5 
H2S Conversion, % 12.7 21.3 22.9 22.9 22.9 

Time, min 
DPM Conversion,% 
H2S Conversion, % 

0 15 30 60 120 
7.8 34.3 35.8 32.9 31.5 

12.7 21.3 22.9 22.9 22.9 

Benzene 
To1 uene 
Thiophenol 
D i p h e n y l s u l f i d e  
Unknown 
Dibenzothiophene 
Thioxanthene 0.8 
Triphenylmethane 
Te t rapheny le thy lene  0.3 
12 , l ? -D i  hydrodinaphtoth iophene 
Tetraphenylethane t r a c e  
Large molecule p roduc ts  15.0 

0.4 
6.7 
7.5 

t r a c e  
0.7 
0.5 
1.5 
0.2 

t r a c e  

16.7 

- 

1.0 
8.0 
9.0 
0.4 
0.7 
0.8 
2.0 
0.4 

0.4 

16.0 

1.1 1.3 
6.9 6.7 
8 .6  8.2 
0.2 0.4 
0.6 0.6 
0.7 0.7 
1.4 1.2 
0.3 0.2 

t r a c e  t r a c e  

17.5 18.4 

aThe r e a c t i o n  temperature was 425°C. The mo la r  r a t i o  o f  s u l f u r  t o  DPM t o  H2S was 
1:1:2.5. 
molecule p roduc ts  which a r e  r e p o r t e d  i n  we igh t  pe rcen t .  

The y i e l d s  a r e  r e p o r t e d  i n  moles p e r  100 moles cif DPM except  f o r  t h e  l a r g e  
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ON THE ROLE OF SULFUR COMPOUNDS I N  COAL LIQUEFACTION 

C . B .  Huang and L.M. S tock  

Department of Chemistry 
U n i v e r s i t y  of  Chicago 

Chicago,  I l l i n o i s  60637 

I n t r o d u c t i o n  

The s u l f u r  c o n t e n t  of  a c o a l  is a n  impor tan t  f a c t o r  i n  t h e  s u c c e s s  
of  i t s  convers ion  r e a c t i o n s  (1-5) .  S u l f u r  m i n e r a l s  and o r g a n i c  s u l f u r  
compounds i n  t h e  c o a l  may c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  convers ion  
which b e g i n s  w i t h  t h e  f r a g m e n t a t i o n  r e a c t i o n s  e n d s  w i t h  product  improve- 
ment r e a c t i o n s .  P r i o r  i n v e s t i g a t i o n s  have focused  on the  r o l e  of  s u l f u r  
compounds i n  t h e  m i n e r a l  matter and s p e c i a l  emphasis has  been g i v e n  t o  
t h e  i r o n  s u l f i d e s  t h a t  are prominent  in many c o a l s  ( 6 ) .  An i n v e s t i g a -  
t i o n  of t h e  hydrogen atom t r a n s f e r  r e a c t i o n s  of t e t r a l i n  w i t h  c o a l s ,  
c o a l  p r o d u c t s ,  diphenylmethane,  and t h e  molecular  c o n s t i t u e n t s  of  c o a l  
r e v e a l e d  t h a t  [(phenylmethyl)thio]benzene c o n s i d e r a b l y  a c c e l e r a t e d  t h e  
r a t e  of t r a n s f e r  of hydrogen between t h e  b e n z y l i c  p o s i t i o n s  of  t h e s e  
molecules  ( e q u a t i o n  1 )  ( 7 ) .  Indeed ,  t h e  c a t a l y t i c  i n f l u e n c e  of t h i s  

1) T-d12 + C H CH C H 400°C T-dll + C6H5CHDC6H5 
6 5  2 6 5  

t h i o e t h e r  w a s  much g r e a t e r  t h a n  t h a t  observed f o r  many o t h e r  compounds. 
Subsequent work h a s  e s t a b l i s h e d  t h a t  some s u l f u r  compounds s i g n i f i c a n t -  
l y  i n c r e a s e  t h e  rate o f  l i q u e f a c t i o n  o f  I l l i n o i s  No. 6 c o a l  i n  t e t r a l i n .  
These i n t r i g u i n g  o b s e r v a t i o n s  prompted us  t o  s tudy  t h e  r o l e  of  o r g a n i c  
s u l f u r  compounds and s u l f u r  m i n e r a l s  i n  t h e  hydrogen atom t r a n s f e r  reac-  
t i o n s  t h a t  are s o  e s s e n t i a l  i n  s u c c e s s f u l  convers ion  p r o c e s s e s .  For t h i s  
purpose ,  w e  have examined t h e  i n f l u e n c e  of s u l f u r - c o n t a i n i n g  compounds 
on the exchange r e a c t i o n  between te t ra l in-d12 and diphenylmethane (equa- 
t i o n  l ) .  
t h i o e t h e r s  has  been i n v e s t i g a t e d  as has  t h e  a c t i v i t y  of  some m e t a l  s u l -  
f i d e s .  Metal  su l f ide-hydrogen  s u l f i d e  and metal s u l f i d e - p h e n o l  coca ta-  
l y s t s  have a l s o  r e c e i v e d  a t t e n t i o n .  I n  a d d i t i o n ,  t h e  impact  of represen-  
t a t i v e  c a t a l y s t s  upon t h e  rate of decomposi t ion of 1 ,3-diphenylpropane 
and upon t h e  rate of l i q u e f a c t i o n  of I l l i n o i s  No. 6 c o a l  i n  t e t r a l i n  
have been examined. 

The c a t a l y t i c  a c t i v i t y  of a r o m a t i c  and a l i p h a t i c  t h i o l s  and 

R e s u l t s  and Discuss ion  

Organic  S u l f u r  Compounds. H e t e r o c y c l i c  s u l f u r  compounds such a s  2,3- 
benzothiophene and d ibenzoth iophene  do n o t  enhance t h e  rate o f  exchange 
o f  hydrogen atoms between t e t r a l i n - d 1 2  and diphenylmethane ( 8 ) .  
u n s t a b l e  t h i o e t h e r s  such  as [(phenylmethyl)thio]benzene c o n s i d e r a b l y  
a c c e l e r a t e  t h i s  exchange r e a c t i o n .  I t  was p o s t u l a t e d  t h a t  t h i s  compound en- 

However, 

28  



hanced t h e  rate v i a  t h e  r e a c t i o n s  shown i n  e q u a t i o n s  (2 ) - (6 )  where T-dl 
p r e s e n t s  t h e  i n i t i a l  l a b e l e d  t e t r a l i n  and 1-T-d 
r a d i c a l  formed from t h i s  l a b e l e d  compound. 

re- 
. r e p r e s e n t s  t h e  b e n z y l i c  

It $8 w e l l  known t h a t  benzene- 

C6H5CH2SC6H5 -t C 6 5  H CH 2 . + .SC6H5 

C 6 5  H CH 2 . + T-d12 * C 6 5  H CH 3 + l-T-dll. 

C 6 5  H S' + T-d12 * C 6 5  H S H  + l-T-dll* 

2 )  

3)  

4 )  

l-T-dll. + C6H5CH2C6H5 -f C6H5CHC6H5 + T-dll 5) 

C H CHC H + T-d12 -+ 1-T-d 11' + C 6 5  H CHDC6H5 6) 6 5  6 5  

t h i o l  and o t h e r  t h i o l s  are very  e f f e c t i v e  hydrogen t r a n s f e r  a g e n t s  ( 9 ) .  Con- 
sequent ly ,  t h e  decomposi t ion of t h e  t h i o e t h e r  p r o v i d e s  a r e a c t i v e  product ,  
b e n z e n e t h i o l ,  which may a l s o  a c c e l e r a t e  t h e  exchange r e a c t i o n .  S e v e r a l  
o t h e r  compounds were s t u d i e d  t o  assess t h e i r  c a t a l y t i c  a c t i v i t y .  Represen- 
t a t i v e  r e s u l t s  are p r e s e n t e d  i n  Table  1. 

Table  1. The i n f l u e n c e  of organic  s u l f u r  compounds on t h e  deuterium-hydrogen 
exchange r e a c t i o n  between te t ra l in-d12 and diphenylmethane a t  4 0 0 ° C . a  

Addi t ive  Deuter ium c o n t e n t  of t h e  

T i m e  (min) 1 - p o s i t i o n  of diphenylmethane ( X )  

None 

[ (Pheny l m e  t h y l )  - 
t h i o  I benzene 

D i p h e n y l d i s u l f i d e  

Benzene t h i o l  

1 -Naphtha lene th io l  

Benzenemethanethiol  

1-Butane th io l  

Hydrogen s u l f i d e '  

30 

4 

2 

5 

5 
30 

30 
10 

30 

30 

15 

59 

66 

51  

58 
7 3  

55 
68 

37 

28 

29 



aDiphenylmethane (0.376 mmole), t e t r a l i n - d  (0.377 mmole) and t h e  addi- 
The exchange occurred  a l -  t i v e  (0.045 m o l e )  were r e a c t e d  i n  a g l a s s  vessk? .  

m o s t  e x c l u s i v e l y  a t  t h e  b e n z y l i c  p o s i t i o n  o f  t e t r a l i n .  
/ I  

/ 

bReference  8. 

'A lesser q u a n t i t y  (0 .020 mmole )  o f  t h i s  a d d i t i v e  was used.  

D i p h e n y l d i s u l f i d e  i s  an  even more e f f e c t i v e  c a t a l y s t  t h a n  [ (phenyl -  
methy1) th io lbenzene .  The deuter ium c o n t e n t  a t  t h e  b e n z y l i c  p o s i t i o n s  of 
t h e  exchanging molecules  r e a c h e s  e q u i l i b r i u m  i n  less than  3 min a t  400°C 
i n  t h e  presence  of t h i s  c a t a l y s t .  The r e a c t i o n  a l s o  proceeds  r a p i d l y  a t  
350°C. Aromatic t h i o l s  i n c l u d i n g  t h e  benzene,  1-naphtha lene ,  and Z-naph- 
t h a l e n e  d e r i v a t i v e s  a s  w e l l  a s  d i t h i o l s  such a s  4-methyl-1,Z-benzenedi- 
t h i o l  a r e  a l s o  very  a c t i v e  r e a g e n t s .  The a l i p h a t i c  t h i o l s  and hydrogen 
s u l f i d e  a r e  moderately less e f f e c t i v e  than  t h e  a r o m a t i c  t h i o l s  i n  t h i s  
exchange r e a c t i o n .  These o b s e r v a t i o n s  s u g g e s t  t h a t  compounds which form 
aromat ic  t h i y l  r a d i c a l s  a r e  e s p e c i a l l y  good c a t a l y s t s  f o r  t h e  s e l e c t i v e  
exchange of t h e  b e n z y l i c  hydrogen atoms. The r e a c t i v i t y  of  t h e  t h i o l s  
is not s u r p r i s i n g  inasmuch a s  compounds of t h i s  c l a s s  a r e  known t o  be  
e s p e c i a l l y  e f f e c t i v e  c h a i n  t r a n s f e r  a g e n t s  i n  p o l y m e r i z a t i o n  r e a c t i o n s  
a t  much lower t e m p e r a t u r e s  ( 9 ) .  The i n f o r m a t i o n  a v a i l a b l e  from such  
s t u d i e s  i n d i c a t e s  t h a t  no u n i v e r s a l l y  a p p l i c a b l e  o r d e r  of r e a c t i v i t y  
can be e s t a b l i s h e d  f o r  t h i o l s .  Thus, t h e  p a r a l l e l  observed between t h e  

12  e f f e c t i v e n e s s  of  t h e  c a t a l y s t  i n  t h e  exchange r e a c t i o n s  of t e t r a l i n - d  
and t h e  s t r e n g t h  of t h e  S-H bond* may n o t  be m a n i f e s t  w i t h  a l l  r e a c t i v e  
s u b s t r a t e s .  

Compounds t h a t  promote t h e  exchange r e a c t i o n s  of b e n z y l i c  hydrogen 
atoms sometimes a l s o  promote t h e  rate of t h e  decomposi t ion of hydrocar-  
bons (10). 
t u r e s  may be  l a b i l e  c o n s t i t u e n t s  of  many bi tuminous and subbi tuminous 
c o a l s .  To test t h e  e f f e c t i v e n e s s  of o r g a n i c  s u l f u r  compounds f o r  t h e  
c a t a l y s i s  of  t h e  decomposi t ion  r e a c t i o n s  of such  compounds, w e  s t u d i e d  
t h e  r a t e  of decomposi t ion of 1 ,3-d iphenylpropane ,  Table  2. 

1,3-Diplienylpropane was s e l e c t e d  f o r  s t u d y  because such  s t r u c -  

The t h i o l  and t h e  t h i o e t h e r  a r e  b o t h  very  e f f e c t i v e  c a t a l y s t s  f o r  t h e  
decomposi t ion of  t h e  propane .  The r e a c t i o n  p a t h  o u t l i n e d  i n  e q u a t i o n s  (7) 
and (8) emphasizes t h e  r o l e  o f  t h e  t h i y l  r a d i c a l  i n  i n c r e a s i n g  t h e  concen- 

C ~ H ~ S -  + C ~ H ~ C H ~ C H ~ C H ~ C ~ H ~  C ~ H ~ S H  + C ~ H ~ C H C H  CH c H 7) 2 2 6 5  

+ C H CH=CH2 + C6H5CH2' 
6 5  

* 
The bond d i s s o c i a t i o n  e n e r g i e s  of a l i p h a t i c  t h i o l s  a r e  about  10 k c a l .  

mole-1 g r e a t e r  than  t h a t  of t h e  a r o m a t i c  t h i o l s  (11) .  
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t r a t i o n  of t h e  b e n z y l i c  r a d i c a l  t h a t  decomposes v i a  a f a m i l i a r  E-sc iss ion  re- 
a c t i o n  t o  y i e l d  t h e  fragmented p r o d u c t s .  

The t h i o l  and t h e  t h i o e t h e r  are a l s o  very  e f f e c t i v e  c a t a l y s t s  f o r  t h e  
convers ion  of I l l i n o i s  No. 6 c o a l  t o  p y r i d i n e - s o l u b l e  p r o d u c t s ,  Table  3. 

Table  2 .  The i n f l u e n c e  of  c e r t a i n  o r g a n i c  s u l f u r  compounds on t h e  rate of 
decomposi t ion of 1,3-diphenylpropane i n  t e t r a l i n  a t  400eC.a 

Addi t ive  T i m e  Decomposition Product  D i s t r i b u t i o n  

Toluene Ethylbenzene ( m i d  ( X )  

None 30 25 77 23 

I l l i n o i s  No. 6 30 43 
c o a l  (51 mg)b 

[ (Phenylmethy1)- 30 
thio]benzeneb 

77 

58  42 

73 27 

Thiophenol 30 80 78 22 
~~~~ 

al ,3-Diphenylpropane (0.758 mmole), t e t r a l i n  (0.757 mmole), and t h e  a d d i -  
t i v e  (0.09 m o l e )  w e r e  used i n  e a c h  r e a c t i o n  i n  a g l a s s  v e s s e l .  

bReference 10. 

Table  3. The i n f l u e n c e  of  s u l f u r  compounds on t h e  r e a c t i o n  of  I l l i n o i s  No. 
6 c o a l  w i t h  t e t r a l i n . a  

Reac t ion  Condi t ions  S o l u b i l i t y  ( X )  
Addi t ive  Temp T i m e  P y r i d i n e  Toluene Hexane 

( “ C )  ( m i d  

None 400 4 58 24 1 5  

[ (Phenylmethy1)- 400 4 88 1 3  10 
t h i o  1 benzene 

Thiophenol 400 4 87  18 1 3  

a I l l i n o i s  No. 6 c o a l  (0 .76g) ,  t e t r a l i n  (1.57g) and t h e  a d d i t i v e  (1.35 
m o l e )  were r e a c t e d  i n  a 4.6 m l  s t a i n l e s s  steel r e a c t o r .  
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In summary, t h e  o b s e r v a t i o n s  p r e s e n t e d  i n  T a b l e s  1-3 demonst ra te  t h e  
e f f e c t i v e n e s s  of  o r g a n i c  s u l f u r  compounds f o r  t h e  promotion of  b e n z y l i c  
exchange r e a c t i o n s ,  hydrocarbon decomposi t ion,  and c o a l  d i s s o l u t i o n  pro- 
cesses. This  chemis t ry  s t r o n g l y  s u g g e s t s  t h a t  o r g a n i c  s u l f u r  compounds 
i n  c o a l s  can have a major  i n f l u e n c e  on t h e  rates of low s e v e r i t y  c o a l  
d i s s o l u t i o n  r e a c t i o n s .  It is p e r t i n e n t  t h a t  A t t a r  and Dupuis have re- 
por ted  t h a t  about  50 atom p e r c e n t  of t h e  o r g a n i c  s u l f u r  i n  an I l l i n o i s  No. 
6 coa l  is p r e s e n t  i n  t h i o l  g roups  o r  molecules  t h a t  are r e a d i l y  conver ted  
t o  t h i o l s  ( 1 2 ) .  T h i s  i s  e q u i v a l e n t  t o  0.05 gm moles of  t h i o l  p e r  100 gm 
o f  t h i s  c o a l .  Such h igh  c o n c e n t r a t i o n s  must e x e r t  a n  impor tan t  i n f l u e n c e  
on t h e  c o u r s e  of  t h e s e  r e a c t i o n s .  Of c o u r s e ,  t h e  d i s t r i b u t i o n  of s u l f u r  
compounds among t h e  v a r i o u s  f u n c t i o n a l  groups  v a r i e s  cons iderably  i n  c o a l s  
o f  d i f f e r e n t  rank  and i t  i s  u n l i k e l y  t h a t  t h e  r e a c t i v i t y  of c o a l s  w i l l ,  i n  a 
g e n e r a l  way, c o r r e l a t e  w i t h  t h e  p e r c e n t a g e  of o r g a n i c  s u l f u r .  Moreover, 
t h e  h y d r o d e s u l f u r i z a t i o n  r e a c t i o n s  which occur  d u r i n g  t h e  l i q u e f a c t i o n  re- 
a c t i o n s  presumably c o n v e r t  h e t e r o c y c l i c  s u l f u r  compounds t o  r e a c t i v e  aro-  
m a t i c  t h i o l s  ( 1 3 ) .  These r e a c t i o n s  a l s o  conver t  a r o m a t i c  t h i o l s  t o  less 
r e a c t i v e  hydrogen s u l f i d e .  Consequent ly ,  t h e  e f f e c t i v e  use of  t h e  s u l f u r  
compounds i n  t h e  c o a l  as n a t u r a l l y - p r o v i d e d  d i s p o s a b l e  c a t a l y s t s  r e q u i r e s  
c a r e f u l  s e l e c t i o n  of t h e  r e a c t i o n  c o n d i t i o n s .  

Metal Sul f ides . - -Previous  workers  have r e p o r t e d  t h a t  i r o n  s u l f i d e s  
and o t h e r  m i n e r a l s  i n c r e a s e  t h e  convers ion  of c o a l s  t o  s o l u b l e  p r o d u c t s  
(5,6). To examine t h i s  a s p e c t  o f  t h e  chemis t ry ,  w e  a l s o  s t u d i e d  t h e  i n -  
f l u e n c e  of some s u l f i d e s  and m i n e r a l s  on t h e  exchange r e a c t i o n  ( e q u a t i o n  1 ) .  
R e p r e s e n t a t i v e  r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  4 .  I 

None of t h e  i r o n  s u l f i d e s  a r e  e f f e c t i v e  c a t a l y s t s  f o r  t h e  exchange re- 
a c t i o n .  Chromium(II1) and molybdenum(1V) s u l f i d e  a r e  s i m i l a r l y  u n r e a c t i v e .  
However, molybdenum(V1) and tungsten(1V) s u l f i d e  c a t a l y z e  t h e  exchange of 
the b e n z y l i c  and a r o m a t i c  hydrogen atoms of t e t r a l i n  and diphenylmethane.  
The manner i n  which t h e s e  c a t a l y s t s  a c c e l e r a t e  t h e  exchange of  t h e  a romat ic  
hydrogen atoms h a s  n o t  y e t  been i n v e s t i g a t e d .  However, t h e  o b s e r v a t i o n  
t h a t  molybdenum(V1) s u l f i d e ,  which decomposes t o  molybdenum(1V) s u l f i d e  
a n d  s u l f u r  under t h e  e x p e r i m e n t a l  c o n d i t i o n s  (14) ,  i s  h i g h l y  r e a c t i v e  may 
b e  r e l a t e d  t o  t h e  f i n d i n g  t h a t  s u l f u r  i s  a l s o  d e p o s i t e d  dur ing  t h e  reduc- 
t i o n  of p y r i t e  t o  p y r r h o t i t e  ( 2 , 6 ) .  Such r e s u l t s  imply t h a t  t h e  s u l f u r  
a n d  t h e  hydrogen s u l f i d e  produced i n  t h e  presence  of t h e  u n s t a b l e  metal 
s u l f i d e s  are t h e  a c t u a l  c a t a l y s t s  o r  c o c a t a l y s t s  f o r  t h e  exchange and con- 
v e r s i o n  r e a c t i o n s  ( 2 , 6 ) .  Inasmuch as s u l f u r  would be  converted t o  hydrogen 
s u l f i d e  dur ing  t h e  o x i d a t i o n  t h e  hydroaromat ic  compounds i n  c o a l  under these  
exper imenta l  c o n d i t i o n s ,  w e  e l e c t e d  t o  s t u d y  t h e  c o c a t a l y t i c  i n f l u e n c e s  of 
hydrogen s u l f i d e .  R e p r e s e n t a t i v e  r e s u l t s  a r e  p r e s e n t e d  i n  Table  5.  

A modest c o c a t a l y t i c  e f f e c t  i s  r e a l i z e d  w i t h  t h e s e  metal s u l f i d e s .  
These o b s e r v a t i o n s ,  t h e r e f o r e ,  p r o v i d e  s u p p o r t  f o r  t h e  view t h a t  s u l f u r  
and the hydrogen s u l f i d e  formed from i t  through t h e  r e d u c t i o n  o r  decompo- 
sition of m i n e r a l s  a c t i v e l y  promote t h e  l i q u e f a c t i o n  r e a c t i o n .  

While i t  i s  c l e a r  t h a t  t h e  s u l f u r  and hydrogen s u l f i d e  can c o n t r i b u t e  
s i g n i f i c a n t l y  t o  the enhanced r e a c t i v i t y  of t h e  c o a l s  r i c h  i n  m i n e r a l s ,  i t  
i s  a l s o  necessary  t o  c o n s i d e r  t h e  p o s s i b i l i t y  t h a t  such  subs tances  might  
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Table 4 .  The i n f l u e n c e  of m e t a l  s u l f i d e s  on t h e  hydrogen-deuterium exchange 
r e a c t i o n  between diphenylmethane and te t ra l in-d12 a t  400"C.a 

L Metal s u l f i d e  Deuterium c o n t e n t  (%) 

Diphenylme thane  T e t r a l i n  
Ar 1- A r  1- 2- 

[>, 
\ 

None 0 15 9 1  9 1  9 1  

P y r i t e ,  FeS2 0 1 3  9 3  89 92 

I r o n ( I 1 )  s u l f i d e ,  0 1 6  9 3  90 90 
FeS 

P y r r h o t i t e ,  
Fe S 1-x 

B o r n i t e ,  
Cu FeS 

5 4  

S p h a l e r i t e ,  
ZnFeS 

0 18 92 92 92 

0 1 7  93 92 9 1  

0 18 92 92 92 

Chromium(II1) 0 1 5  9 1  9 3  9 3  

Cr2S3 s u l f i d e ,  

Molybdenum(1V) 2 
s u l f i d e ,  MoS2 

1 2  90 9 3  92 

Molybdenum(V1) 41  32 54 7 1  72 

3 s u l f i d e ,  MoS 

Tungs ten(1V) 14 1 3  60 92 90 
s u l f i d e ,  WS2 

aDiphenylmethane (0.377 m o l e ) ,  t e t ra l in-d12 (0.377 mmole), and t h e  p o t e n t i a l  
c a t a l y s t  (0.045 mrnole) w e r e  r e a c t e d  i n  a g l a s s  v e s s e l  f o r  30 min. 
deuter ium c o n t e n t  of  t h e  t e t r a l i n  w a s  94% Ar-d, 95% 1-d, and 92% 2-d. 

The i n i t i a l  

33 



Table 5 .  The i n f l u e n c e  o f  hydrogen s u l f i d e - m e t a l  s u l f i d e  c a t a l y s t s  on t h e  

12 a t  exchange r e a c t i o n  between diphenylmethane and t e t r a l i n - d  
400°C.a 

Deuterium c o n t e n t  a t  t h e  
1 p o s i t i o n  of  diphenylmethane (X) C a t a l y s t  

None 15 

Hydrogen s u l f i d e  25 

With p y r i t e  30 

With p y r r h o t i t e  32 

With molybdenum(1V) s u l f i d e  24  

aDiphenylmethane (0.376 mmole), t e t r a l i n - d  
l y s t s  (0.02 mmole of each  compound) were reactea’for  30 min. 
occur red  s e l e c t i v e l y  at t h e  1 p o s i t i o n  o f  t e t r a l i n .  

(0.377 mmole) and t h e  cata- 
The exchange 

e x e r t  t h e i r  b e n e f i c i a l  e f f e c t s  upon l i q u e f a c t i o n  through t h e  d i r e c t  o r  i n -  
d i r e c t  f o r m a t i o n  of  h i g h l y  r e a c t i v e  t h i o l s  as i l l u s t r a t e d  i n  e q u a t i o n  ( 9 ) .  

Metal s u l f i d e  + ArOH + ArSH + Metal  ox ide  9) 

We found t h a t  t h e  i r o n  s u l f i d e s  w e r e  no more a c t i v e  i n  t h e  presence  o f  1- 
naphthol  than  i n  i t s  absence .  The d i r e c t  t r a n s f e r  r e a c t i o n  i s  a p p a r e n t l y  
t o o  slow t o  be  e f f e c t i v e .  
d 
s%um s u l f i d e  and 1-naphthol .  
r e a c t i v i t y  of  phenyl  b e n z y l  e t h e r .  To e x p l o r e  t h i s  a s p e c t  of t h e  chem- 
i s t r y  more thoroughly ,  w e  s t u d i e d  t h e  i n f l u e n c e  of hydrogen s u l f i d e  and 
phenols ,  Table  6 .  

However, t h e  exchange r e a c t i o n  between t e t r a l i n -  
and diphenylmethane was enhanced s i g n i f i c a n t l y  i n  t h e  presence  of  

T h i s  s imple  s u l f i d e  a l s o  enhanced t h e  

Table  6. The i n f l u e n c e  of hydrogen s u l f i d e - p h e n o l  c o c a t a l y s t s  on t h e  hydro- 
gen-deuterium exchange r e a c t i o n  of diphenylmethane and t e t r a l i n -  
d12 a t  400°C.a 

C a t a l y s t  Deuterium c o n t e n t  a t  t h e  
1 p o s i t i o n  of diphenylmethane (%) 

None 

Hydrogen s u l f i d e  a l o n e  

With phenol  

With 1-naphthol  

With 9-phenanthrol  

15 

25 

25 

30 

30 
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aThese exper iments  were performed as d e s c r i b e d  i n  Table  5.  

These r e s u l t s  s u g g e s t  t h a t  t h e  m u l t i r i n g  p h e n o l i c  compounds can  act 
as  c o c a t a l y s t s  f o r  t h e  exchange r e a c t i o n .  Other  work w i t h  sodium s u l f i d e  
and 1- and 2-naphthol ,  9-phenanthrol  and  2 ,3-naphtha lenedio l  s u p p o r t s  t h i s  
i n t e r p r e t a t i o n .  

Conclusion 

S u l f u r  compounds t h a t  can  y i e l d  t h i o l s  c a t a l y z e  t h e  exchange r e a c t i o n ,  
t h e  decomposi t ion of  1 ,3-diphenylpropane,  and t h e  c o n v e r s i o n  of I l l i n o i s  
No. 6 c o a l  t o  s o l u b l e  p r o d u c t s .  Although c e r t a i n  metal s u l f i d e s  may in- 
t e rvene  d i r e c t l y  w i t h  t h e  o r g a n i c  compounds p r e s e n t  i n  c o a l s ,  our  r e s u l t s  
sugges t  t h a t  i n d i r e c t  pathways may be  more s i g n i f i c a n t .  A s  a l r e a d y  men- 
t i o n e d ,  t h i s  r e s e a r c h  s u p p o r t s  t h e  view t h a t  t h e  s u l f u r  and hydrogen s u l -  
f i d e  produced from t h e  m i n e r a l s  i n  decomposi t ion o r  r e d u c t i o n  r e a c t i o n s  
a c c e l e r a t e  t h e  f r e e  r a d i c a l  p r o c e s s e s  e s s e n t i a l  f o r  f a c i l e  c o a l  c o n v e r s i o n .  
The o b s e r v a t i o n  t h a t  t h e  r e a c t i v i t y  of hydrogen s u l f i d e  a p p e a r s  t o  be  en- 
hanced i n  t h e  presence  of p h e n o l i c  compounds s u g g e s t s ,  i n  a d d i t i o n ,  t h a t  
modest q u a n t i t i e s  of  t h e  s u l f i d e s  may be conver ted  t o  h i g h l y  c a t a l y t i c a l l y  
a c t i v e  t h i o l s  even under  t h e  c o n d i t i o n s  of  low s e v e r i t y  r e a c t i o n s .  

Experimental  P a r t  

The p r e p a r a t i o n  of  t e t r a l i n - d  and i t s  u s e  i n  exchange r e a c t i o n s  w i t h  
a v a r i e t y  o f  o r g a n i c  compounds has'geen d e s c r i b e d  p r e v i o u s l y  (7,8). 
lar procedures  were used i n  t h i s  work. The metal s u l f i d e s  were o b t a i n e d  
from commercial s o u r c e s  o r  from t h e  I l l i n o i s  Geologic  Survey through t h e  
c o u r t e s y  of  D r .  Carl  Kruse. 
r e a c t i o n  v e s s e l s  as f i n e  powders. The i n f l u e n c e  o f  p a r t i c l e  s i z e  on t h e s e  
r e a c t i o n s  h a s  n o t  y e t  been examined. The r e a c t i o n  p r o d u c t s  w e r e  s t u d i e d  
by gas  chromatography and n u c l e a r  magnet ic  resonance  spec t roscopy a t  270 
o r  500 MHz. 

Simi- 

These c a t a l y s t s  were i n t r o d u c e d  i n t o  t h e  g l a s s  
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EFFECTS OF DISSOLVER SOLIDS ON S R C - I  REACTION RATES 

Ronald W. Sk inner  and Edwin N. Givens 
I n t e r n a t i o n a l  Coal R e f i n i n g  Company 

P.O. Box 2752 
Al lentown, Pennsylvania 18001 

Sca l i ng  up t o  t h e  commercial-s ize,  6,000-ton-per-day, coa l  d i s s o l v e r  t h a t  w i l l  
be i n s t a l l e d  i n  t h e  S R C - I  Demonstrat ion P l a n t  w i l l  be based on da ta  f rom smal ler  
d i s s o l v e r s  i n  t h e  p i l o t  p l a n t s  a t  W i l s o n v i l l e ,  Alabama and F t .  Lewis, Washington. 
A t  W i l s o n v i l l e ,  researchers have known f o r  severa l  yea rs  t h a t  m i n e r a l - r i c h  s o l i d s  
accumulate i n  t h e  d i s s o l v e r  b u t  a r e  u n c e r t a i n  about whether s o l i d s  w i l l  a l s o  accumu- 
l a t e  i n  commercial d i s s o l v e r s ,  which operate a t  h ighe r  v e l o c i t i e s .  

Commercial d i s s o l v e r  designs propose gas and s l u r r y  v e l o c i t i e s  about 10 t imes 
g r e a t e r  than those a t  W i l s o n v i l l e ,  v e l o c i t i e s  t h a t  would impede s o l i d s  f rom accumu- 
l a t i n g .  Moreover, any s o l i d s  t h a t  d i d  b u i l d  up would c o n s i s t  of l a r g e r  p a r t i c l e s  
than those a t  W i l s o n v i l l e ;  l a r g e r  s o l i d s  would l e a d  t o  l e s s  a c t i v i t y  p e r  weight  due 
t o  l e s s  sur face  area exposed. 

No c l e a r  exper imenta l  da ta  e x i s t  t o  e s t a b l i s h  t h e  e f f e c t s  o f  t h e  accumulated 
s o l i d s .  I f  they  have no e f f e c t ,  t h e  commercial scale-up problem i s  s t r a i g h t f o r w a r d .  
I f ,  however, t hey  do have a c a t a l y t i c  e f f e c t  on coa l  convers ion by augmenting the  
r e a c t i o n ,  then t h a t  e f f e c t  should be q u a n t i f i e d  i n  o rde r  t o  determine t h e  dimensions 
and des ign o f  commercial d i sso l ve rs .  I n t e r n a t i o n a l  Coal R e f i n i n g  Co. ( I C R C )  
suspects t h a t ,  w i t h o u t  p o s s i b l e  c a t a l y t i c  e f f e c t s  due t o  t h e  s o l i d s ,  t h e  y i e l d s  o f  
l i g h t e r  coa l  l i q u i d  p roduc ts  may decrease. 

To so lve  t h i s  problem, I C R C  has been adding s o l i d s  t o  t h e  feed s l u r r y ,  c o a l  and 
so l ven t ,  t o  t h e  cont inuous s t i r r e d  t a n k  r e a c t o r  (CSTR) o f  i t s  coa l  process develop- 
ment u n i t  (CPDU). Ac tua l  W i l s o n v i l l e  d i s s o l v e r  s o l i d s  were unava i l ab le  because 
W i l s o n v i l l e  now operates i n  a so l i ds -w i thd rawa l  mode, and n e i t h e r  W i l s o n v i l l e  nor 
I C R C  cou ld  produce enough washed and d r i e d  s o l i d s  f rom t h e  ve ry  d i l u t e  blowdown 
s l u r r y .  Therefore,  W i l s o n v i l l e  f i l t e r  cake and Kerr-McGee ash concentrate (K-MAC) 
were used t o  s imu la te  d i s s o l v e r  s o l i d s .  S i m i l a r  r e s u l t s  were a n t i c i p a t e d ,  because 
bo th  should con ta in  t h e  same m ine ra l  forms, p y r r h o t i t e  r a t h e r  than  p y r i t e  and par -  
t i a l l y  dewatered c lay .  However, f i l t e r  cake and, p a r t i c u l a r l y ,  K-MAC c o n t a i n  more 
r e a c t i v e  carbon compounds, unconverted coa l  and SRC, t han  t r u e  d i s s o l v e r  so l i ds .  
Therefore,  convers ion o f  these r e a c t i v e  m a t e r i a l s  must be accounted f o r  when c a l -  
c u l a t i n g  n e t  p roduc t  y i e l d s  and k i n e t i c  cons tan ts .  

D i f f i c u l t i e s  assoc ia ted  w i t h  pumping and p rocess ing  feed s l u r r i e s  con ta in ing  
more than 45 w t  % s o l i d s  l i m i t  r es idue  concen t ra t i ons  t o  15 w t  % maximum added t o  
30 w t  % coa l  s l u r r y .  T h y ,  whereas s o l i d s  i n  t h e  W i l s o n v i l l e  d i s s o l v e r  a re  commonly 
found a t  t h e  20-3Q l b / f t  l e v e l  o r  h igher ,  i n  t h e  CPDU t h e  maximum concen t ra t i on  i s  
about 10-15 l b / f t  . 

EXPERIMENTAL PROGRAM 

M a t e r i a l s  
The 

f i l t e r  cake and K-MAC a r e  t h e  m i n e r a l - r i c h  res idues f rom p rocess ing  d i f f e r e n t  Ken- 
tucky  #9 coa ls  i n  W i l s o n v i l l e  runs 175 and 167, r e s p e c t i v e l y .  Table 2 compares the 
composi t ion o f  these res idues t o  t h a t  o f  a t y p i c a l  d i s s o l v e r  s o l i d s  sample taken 
from W i l s o n v i l l e  r u n  204. Al though t h e  f i l t e r  cake and d i s s o l v e r  s o l i d s  have 
s i m i l a r  t o t a l  ash con ten t ,  t h e  d i s s o l v e r  s o l i d s  c o n t a i n  over  t h r e e  t imes as much 
i r o n .  K-MAC con ta ins  rough ly  h a l f  t h e  ash i n  t h e  o t h e r  res idues  due t o  i t s  very 
l a r g e  preasphal tene conten t .  

The so l ven t  i s  W i l s o n v i l l e  process s o l v e n t  (WPS) f rom r u n  179. It i s  a re la -  
t i v e l y  good hydrogen-donor so l ven t ,  based upon r e s u l t s  o f  t h e  W i l s o n v i l l e  microauto- 
c lave  t e s t  o f  s o l v e n t  q u a l i t y ,  which conver ted 74 w t  % o f  a s tandard coa l  t o  t e t r a -  
hydrofuran-so lub le p roduc ts .  

The coa l  i s  Kentucky #9 coa l  f rom t h e  Pyro mine i n  Union County (Table 1). 
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Reaction Conditions 
The feed slurries consisted of 30% coal/70% WPS; 20% coal/l5% filter cake/45% 

WPS and; 30% coal/l5% K-MAC/45% WPS. Each slurry was processed at demonstration- 
plgpt design conditions: 2,000 psig, 84OoF, liquid hourly space velocity of 1 . 4  
hr , and a hydrogen feed rate equal to 3 wt % of the total slurry feed. Feed 
slurries of 30% coa1/70% WPS and 20% coal/l5% filter cake/45% WPS were also pro- 
cessed at reaction temperatures of .815 and 865OF, in order to calculate activation 
energies for the coal conversion reactions. 

Analytical Procedures 
The solvent-extraction procedure of Schweighardt and Thames (1) separates 

starting solvent and product slurry samples into oil, asphaltene, preasphaltene, and 
residue fractions. Each fraction was analyzed for C, H, 0, N,  S ,  and ash to compute 
elemental balances and the hydrogen gas consumption. The quantity of residue in the 
product was adjusted to force the ash balance to equal 100%; these adjustments were 
minor, because the uncorrected ash balances were generally excellent. 

Statistical Analysis of Results 
Experimentally observed effects of adding filter cake or K-MAC to the feed 

slurry were evaluated with the Student t-test to determine if the effects were 
statistically significant at the 95% confidence level. Replicate analyses of the 
samples discussed in this report, as well as previous samples (Z), were used to 
compute an estimated variance for each analysis. Because most variances were based 
on only 12-17 degrees of freedom, the Student t-test was used to evaluate the 
statistical significance of the experimental results. 

Results 
Because the residue additives contain SRC and unconverted coal in addition to 

potentially catalytic coal minerals, they could affect net product yields by 
entering the coal conversion reactions as either reactants or catalysts. Either 
mechanism enhances the oil and asphaltene yields and would be valuable to later SRC 
processes that recycle residue to the feed slurry. However, dissolver solids, which 
contain no reactive carbon, influence coal conversion only if the coal minerals are 
catalytic. To differentiate between the catalytic and reactant effects of the 
residues, first-order kinetic rate constants, based upon the assumed sequential 
reaction, were calculated: 

kl k2 k3 k4 
coal -t preasphaltene + asphaltene -t oil + hydrocarbon gas 

This simple model correlates past data as well as more complex models with parallel 
reaction paths. 

Effect of Adding Slurry at Demonstration-Plant Conditions 
Table 3 summarizes all data points in the study; the base condition without 

added residue was run twice, but the cases with added filter cake and K-MAC were run 
three times. The mean of the data values for each case is shown in Table 3a. 
Differences from the base case that are statistically significant at a 95% confi- 
dence level are underscored. In calculating the yield, the residue additives are 
treated as nonreactants, i.e., the yield of a species is calculated as the dif- 
ference in percent of product minus percent of feed, divided by the percent of coal 
in the feed. 

The combined net yield of the most desirable pro- 
ducts, oils and asphaltenes, increased by 11 wt % moisture-and-ash-free (MAF) coal 
when 25 wt % filter cake was added and by 24 wt % MAF when an equal quantity of 
K-MAC was added. Both additives significantly reduced the net preasphaltene yield. 
K-MAC, but not filter cake, significantly reduced the net residue yield. Although 

Effect Upon Product Slate. 



both  a d d i t i v e s  improved o i l  y i e l d ,  t h i s  change was s t a t i s t i c a l l y  i n s i g n i f i c a n t .  
N e i t h e r  a d d i t i v e  increased t h e  y i e l d  o f  hydrocarbon gases. 

E f f e c t  Upon K i n e t i c  Rate Constants. Adding f i l t e r  cake caused a s t a t i s t i c a l l y  
s i g n i f i c a n t  inc rease i n  k , t h e  k i n e t i c  consta_lt f o r  c o n v e r t i n g  preasphal tenes t o  
asphaltenes. The i n c r e a s l  from 2 .7  t o  4.2 h r  i s  more than 50%. Adding K-MAC 
increased t h e  r e a c t i o n  r a t e ,  b u t  n o t  enough t o  be s t a t i s t i c a l l y  s i g n i f i c a n t .  The 
l e s s e r  c a t a l y t i c  a c t i v i t y  of K-MAC i s  reasonable, because K-MAC has h a l f  t h e  minera l  
con ten t  o f  f i l t e r  cake, and p e t r o g r a p h i c  analyses revea l  most o f  t h e  mineral  surface 
area i n  t h e  K-MAC i s  covered by preasphal tenes. 

These r e s u l t s  i n d i c a t e  t h a t  coa l  minera ls  i n  f i l t e r  cake and K-MAC do n o t  
c a t a l y z e  t h e  conversion t o  l i g h t e r  p roduc ts  o f  coa l  o r  o i l .  

E f f e c t  Upon Hydrogen Consumption. A t  t h e  S R C - I  Demonstrat ion P lan t ,  process 
s o l v e n t  w i l l  be d i s t i l l e d  from r e a c t i o n  produc ts  and c o n t i n u o u s l y  recyc led ,  so t h a t  
t h e  so lvents  i n  t h e  feed and produc t  s l u r r i e s  have i d e n t i c a l  composi t ion.  The t o t a l  
hydrogen consumed by coa l  conversions must equal t h e  amounts o f  hydrogen gas con- 
sumed. This theory  i s  n o t  t r u e  i n  CPDU experiments, because s o l v e n t  i s  n o t  r e c y c l e d  
and t h e r e f o r e ,  may be a n e t  donor o r  consumer o f  hydrogen. 

When res idue i s  n o t  added t o  t h e  feed, hydrogen c o n t e n t  i n  t h e  s o l v e n t  drops 
from 8.2 t o  7.9% d u r i n g  r e a c t i o n .  N e a r l y  h a l f  t h e  t o t a l  hydrogen consumed i n  con- 
v e r t i n g  coa l ,  1 .8  w t  % MAF, was drawn from t h e  s o l v e n t ' s  hydrogen. Adding f i l t e r  
cake o r  K-MAC t o  t h e  feed main ta ined o r  inc reased t h e  s o l v e n t ' s  hydrogen content 
d u r i n g  t h e  r e a c t i o n .  

F i l t e r  cake and K-MAC promote hydrogen gas consumption, presumably by cata- 
l y z i n g  so lvent  hydrogenation. Hydrogen gas consumption increases from 1 w t  % MAF 
w i t h  no a d d i t i v e  t o  2.3 and 2.5 w t  % MAF, i f  K-MAC and f i l t e r  cake a r e  added, 
r e s p e c t i v e l y .  These changes a r e  t w i c e  as l a r g e  as necessary t o  be s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  a 95% conf idence l e v e l .  

The t o t a l  hydrogen consumed i n  coa l  convers ion  i s  t h e  sum o f  hydrogen gas 
consumption p l u s  t h e  n e t  l o s s  o f  hydrogen by t h e  s o l v e n t ,  expressed as % MAF/coal. 
T o t a l  hydrogen consumption inc reased from 1 .8  t o  2.3 w t  % MAF when e i t h e r  residue 
was added. Th is  change i s  s t a t i s t i c a l l y  s i g n i f i c a n t .  

E f f e c t  o f  React ion Temperature 
L i q u e f y i n g  30% coal/70% WPS and 30% c o a l / l 5 %  f i l t e r  cake/55% WPS was evaluated 

a t  reac t ion-  temperatures o f  815, 840, 865OF; a l l  o t h e r  process c o n d i t i o n s  were f i x e d  
a t  demonst ra t ion-p lan t  c o n d i t i o n s .  Table 4 summarizes t h e  r e s u l t s .  

E f f e c t  Upon Product S la te .  Higher r e a c t i o n  temperatures inc rease o i l  y i e l d s ,  
w i t h  o r  w i t h o u t  f i l t e r  cake. However, t h e  change i s  s t a t i s t i c a l l y  s i g n i f i c a n t  on ly  
w i t h  added f i l t e r  cake. Higher r e a c t i o n  temperature s i g n i f i c a n t l y  reduces preas- 
pha l tene y i e l d ,  i n  s p i t e  whether f i l t e r  cake i s  added. Coking seems n o t  t o  be a 
problem a t  r e a c t i o n  temperatures o f  up t o  865OF, because t h e  lowest  res idue y i e l d s  
occurred a t  t h e  h o t t e s t  r e a c t i o n  temperature. These r e p o r t e d  d i f f e r e n c e s  i n  residue 
y i e l d  a re  i n s i g n i f i c a n t  a t  a 95% conf idence l e v e l .  

A t  each r e a c t i o n  temperature, adding f i l t e r  cake inc reased o i l  y i e l d  and 
reduced preasphal tene and res idue y i e l d s .  Hydrocarbon gas y i e l d  remained unaf fec ted  
by adding f i l t e r  cake. 

E f f e c t  Upon Hydrogen Consumption. As r e a c t i o n  temperature increases, bo th  
hydrogen gas consumption and t h e  t o t a l  hydrogen consumed i n  coa l  conversions i n -  
crease. However, hydrogen consumption seems l e s s  a f f e c t e d  by r e a c t i o n  temperature, 
i f  f i l t e r  cake i s  added. 

E f fec t  Upon K i n e t i c  Constants. Adding f i l t e r  cake inc reases  t h e  k i n e t i c  r a t e  
cons tan t  f o r  preasphal tene conversion, k2, a t  each r e a c t i o n  temperature. I n  addi-  
t i o n ,  i t  lowers t h e  a c t i v a t i o n  energy f o r  t h e  r e a c t i o n :  

k2 (no f i l t e r  cake) = 1 . 5  x 

k2 ( f i l t e r  cake) = 8 x 

exp (-20,20O/T) 

exp (-12,90O/T) 
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I n  these equat ions,  t h e  temperature i s  measured i n  degrees Rankine. 
For  asphal tene conversion, t h e  k i n e t i c  cons tan t ,  k , i s  rough ly  20% g rea te r  a t  

each temperature when f i l t e r  cake i s  added. However, t h 2  a c t i v a t i o n  energy i s  about 
52,500 Btu/lb-mol; i n  s p i t e  o f  whether f i l t e r  cake i s  added. The increase i n  k3 i s  
s t a t i s t i c a l l y  s i g n i f i c a n t  o n l y  a t  an 80-90% conf idence l e v e l .  

A c t i v a t i o n  energy f o r  c r a c k i n g  o i l s  t o  hydrocarbon gas i s  about 77,000 Btu / lb -  
mol,  w i thou t  adding f i l t e r  cake; however, when f i l t e r  cake was added t h e  a c t i v a t i o n  
energy was n o t  ca l cu la ted ,  because t h e  data a t  815OF seemed wrong. 

CONCLUSIONS 

F i l t e r  cake ca ta l yzes  preasphal tene convers ion and process-so lvent  hydrogena- 
t i o n .  The k i n e t i c  r a t e  cons tan t  f o r  preasphal tene convers ion increased by  50%; 
hydrogen gas consumption i nc reased  by  a f a c t o r  o f  2.5. These changes a r e  s t a t i s -  
t i c a l l y  s i g n i f i c a n t  a t  a 95% con f idence  l e v e l .  Weaker evidence suggests f i l t e r  cake 
may ca ta l yze  asphal tene conversion. Kerr-McGee ash concentrate i s  l e s s  c a t a l y t i c  
t han  f i l t e r  cake, apparen t l y  because i t  con ta ins  fewer coa l  m ine ra l s  than f i l t e r  
cake, and preasphal tenes cover  most o f  i t s  m ine ra l  sur face .  Resul ts  o f  these 
analyses i n d i c a t e  t h a t  d i s s o l v e r  s o l i d s  a r e  c a t a l y s t s  i n  t h e  S R C - I  process and may 
be more a c t i v e  p e r  u n i t  mass t h a n  f i l t e r  cake o r  K-MAC. 

F i l t e r  cake and K-MAC c o n t a i n  SRC'  and unconverted coa l  t h a t  w i l l  r e a c t  i n  the  
d i s s o l v e r .  A second-generat ion SRC process t h a t  recyc les  f i l t e r  cake o r  K-MAC cou ld  
improve coa l  convers ion and reduce SRC l o s t  t o  t h e  ash res idue.  These improvements 
can be made w i t h o u t  i nc reas ing  gas by-products o r  reduc ing  e f f i c i e n t  hydrogen con- 
sump t i on. 
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COAL R A N K  EFFECTS I N  THE SRC I 1  PROCESS 

C. H. Wright 

The P i t t sbu rg  & Midway Coal Mining Co. 
P. 0. Box 2970 

Shawnee Mission, KS 66201 

INTRODUCTION 

During the  l a s t  two years the  Merriam Laborator has run  a ser ies  o f  subbituminous 

have been run as we l l .  These experiments have developed enough in fo rmat ion  t o  
de f ine  a number of operat ing requirements f o r  the  low rank coals,  and t o  g i ve  some 
i n d i c a t i o n  o f  the k inds of d i f fe rences  inherent  i n  these p o t e n t i a l  feedstocks. 
paper gives r e s u l t s  f o r  coals represent ing bituminous, subbituminous and l i g n i t e  
ranks. 

The SRC I1  process was developed w i t h  bituminous coals from the  eastern Uni ted 
States. 
provide e f f e c t i v e  " s e l f  ca ta l ys i s "  and a l low operat ion w i thou t  use o f  add i t i ona l  
ca ta l ys t .  
t i t e  and t h i s  i s  the c a t a l y s t  which i s  used i n  t h i s  reac t ion .  
the  response f o r  a given coal  appears t o  be propor t iona l  t o  the  p y r i t e  content of 
the  coal .  
e x h i b i t  d i f f e r e n t  l eve l s  o f  r e a c t i v i t y  a t  s i m i l a r  i r o n  o r  p y r i t e  contents. 

When western subbituminous coals o r  l i g n i t e s  are inspected, i t  i s  found t h a t  the  
p y r i t e  content i s  usua l l y  low. 
l y s i s  i s  no t  favorable, These coals a lso  tend t o  conta in  h igh  bed moistures and 
high oxygen contents. Some oxygen i s  present i n  the  f o m  o f  carboxy1ate.functions 
which are reacted w i t h  var ious mineral  mater ia ls  such as calcium, magnesium, sodium, 
o r  potassium. 
leaching w i t h  acid.  
i r o n  i s  usua l ly  present i n  p y r i t e  form and the  concentrat ion i s  normal ly low. 

When a subbituminous coal w i t h  i o n  exchangeable calc ium i s  d isso lved i n  s i n g l e  pass 
operations such as SRC I o r  by donor so lvent  procedures, i n t e r a c t i o n  between calcium 
and the  r e l a t i v e l y  h igh  concentrat ion of carbonate r e s u l t i n g  from decomposition o f  
the carboxylate func t ions  causes calc ium carbonate deposi ts t o  form i n  the  reactor.  
These have proved troublesome according t o  repor ts  from the Wi l sonv i l l e  and EDS 
P i l o t  Plants. We have a lso  observed operat ing problems w i t h  B e l l e  Ayr coal i n  the  
SRC I mode which appear t o  be due t o  carbonate p r e c i p i t a t i o n .  As a ru le ,  the  s ing le  
pass procedure a lso  f a i l s  t o  d isso lve  a s i g n i f i c a n t  f r a c t i o n  o f  the organic mater ia l  
fed w i t h  the  coal .  
of ten reported. 
pose a t  a slow r a t e  compared t o  the  ra tes  observed w i t h  so lvent  swel lable bituminous 
coals. 

I n  our SRC I 1  t e s t s  we have used add i t i on  of p y r i t e  t o  co r rec t  f o r  the low amount of  
i r o n  present i n  the  samples under considerat ion.  With t h i s  k ind  o f  c a t a l y s t  i t  has 
been found t h a t  conversions t o  d i s t i l l a t e  o i l  are h igh  and t h a t  y i e l d s  o f  inso lub le  
organic matter are low. 
no t  a problem i n  t h i s  mode o f  operation. 
several  sources and i r o n  oxide p lus  elemental s u l f u r  o r  carbon d i s u l f i d e  as cata- 
l y s t .  
w i l l  make d i s t i l l a t e  o i l  from subbituminous coals5 o r  l i g n i t e s  w i thout  d i f f i c u l t y .  

This paper w i l l  present comparative r e s u l t s  f o r  runs made with Powhatan No. 3 Mine 
bituminous coal  processed a t  1800 p s i g  (no added c a t a l y s t )  and B lacksv i l l e  NO. 2 

coal samples i n  the  SRC 11 operat ing mode1>**3. i . Recently, two samples o f  l i g n i t e  

This 

These coals were genera l l y  selected t o  conta in  s u f f i c i e n t  i r o n  p y r i t e  t o  

I t  i s  now we l l  es tab l i shed t h a t  p y r i t e  i s  r a p i d l y  converted t o  phyrrho- 
As an approximation, 

It a lso  appears t h a t  coals w i t h  d i f f e r e n t  organic phase compositions 

On t h i s  basis,  the prospect f o r  adequate s e l f  cata- 

These mater ia ls  can be removed by i o n  exchange procedures o r  by 
Sometimes i r o n  i s  present i n  leachable form, bu t  most o f  the 

Inso lub le  organic matter y i e l d s  o f  t en  t o  twenty percent are 
Thus, the  s a l t - l i k e  s t ruc tu res  which are  present appear t o  decom- 

It has a lso  been observed t h a t  carbonate p r e c i p i t a t i o n  i s  
These t e s t s  have included p y r i t e s  from 

It appears t h a t  once an appropr iate c a t a l y s t  i s  used t h a t  the SRC I 1  process 
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Mine bituminous coal processed a t  2250 ps ig  w i t h  added py r i t e .  
ments w i t h  B e l l e  Ayr subbituminous coal  processed a t  2250 ps ig  w i l l  be reported. 
One run each w i th  Texas B ig  Brown l i g n i t e  and Ind ian  Head l i g n i t e  from North Dakota 
w i l l  be presented. 
coals requ i re  pressures o f  1800 p s i g  w h i l e  exp lo ra to ry  work i s  usua l ly  done a t  2250 
ps ig  t o  ob ta in  a broader opera t ing  l a t i t u d e .  

Two separate experi- 

Conventional opera t ing  cond i t ions  w i t h  we l l  catalyzed bituminous 

SRC I 1  EXPERIMENTAL PROCEDURE 

The experimental r e s u l t s  t o  be repor ted  were obtained on a bench scale u n i t  a t  Mer- 
r iam using the  equipment i l l u s t r a t e d  i n  Figure 1. 
feed r a t e  o f  one ki logram of s l u r r y  per hour and i n  the  SRC I1  mode processes a 
s l u r r y  conta in ing  30% o f  coal  (d ry  basis) .  The remainder o f  the s l u r r y  consists o f  
reac tor  product ( u n f i l t e r e d  coal  s o l u t i o n ) ,  r e t u r n  o i l ,  and c a t a l y s t  as required. 
Generally, the r a t i o  o f  u n f i l t e r e d  coal  so lu t i on  t o  re tu rn  o i l  i s  adjusted t o  obtain 
a s l u r r y  w i t h  v i s c o s i t y  and s o l i d s  which a l l ow  smooth pumping wh i l e  the  coal  and 
ca ta l ys t  content remains f i xed .  It i s  o f t e n  necessary t o  warm the s l u r r y  t o  fu r the r  
ad jus t  the v i s c o s i t y  o f  the  feed s l u r r y ;  there fore ,  the  mix pot and the  feed pot a r e  
t raced w i th  e l e c t r i c a l  heaters, as a re  a l l  o f  the l i n e s  on the reac tor  system. 

This u n i t  operates a t  a nominal 

An experiment i s  s ta r ted  w i t h  a s l u r r y  o f  30% coal  and 70% coal-der ived solvent. 
This i s  run through the  reac t ion ,  and the  product i s  mixed w i t h  coal i n  the  r a t i o  o f  
30% coal w i t h  the  c a t a l y s t  and u n f i l t e r e d  coal so lu t i on  making up the balance. This 
i s  added t o  the  feed po t  and the  procedure i s  continued u n t i l  the so l i ds  l eve l  o r  
t he  v i scos i t y  o f  t he  s l u r r y  requ i re  t h a t  t he  rec ipe  be adjusted. A t  t h i s  p o i n t  part  
o f  the  u n f i l t e r e d  coal  s o l u t i o n  i s  d isp laced by r e t u r n  o i l  i n  the  recipe. I n  t h i s  
way i t  i s  poss ib le  t o  develop a steady s t a t e  system i n  which the feed s l u r r y  so l ids  
w i l l  be maintained between 45% and 50% and which can be pumped a t  the requ i red  ra te .  
When ca ta l ys ts  are added, they normal ly  comprise one t o  two percent o f  the feed 
recipe. O f  course, removal o f  gaseous products, water, and l i q u i d s  too l i g h t  f o r  
recyc le  causes the  ash forming minera ls  and c a t a l y s t  added t o  b u i l d  up i n  concentra- 
t i o n .  
substances the  grea ter  the concent ra t ing  e f f e c t  on the mineral phases. I n  the f i n a l  
steady s ta te ,  the concentrat ion o f  ash and c a t a l y s t  i s  greater than the feed ra te  
migh t  suggest because o f  ca r ry  back o f  these mater ia ls  w i t h  the u n f i l t e r e d  coal 
so lu t i on .  The h igh  temperature, h igh  pressure separator i s  operated t o  ob ta in  un- 
f i l t e r e d  coal so lu t i on  which conta ins  o i l s  b o i l i n g  over 250°C a t  atmospheric pres- 
sure. The secondary separators rec la im  some o i l  i n  t h i s  b o i l i n g  range which can be 
used as re tu rn  o i l  and the  remainder i s  made by d i s t i l l i n g  the u n f i l t e r e d  coal pro- 
duc t  n o t  needed fo r  feed formulat ion.  I n  a p l a n t  the  organic matter i n  the d i s t i l -  
l a t i o n  residue would be used t o  make hydrogen f o r  the process. 

The system i s  there fore  i n t e r a c t i v e ;  the grea ter  the  y i e l d  o f  these v o l a t i l e  

It can be seen t h a t  on l y  coal  i s  added t o  the  system together w i t h  ca ta l ys t ,  where 
used, and t h a t  the  o i l  i n  t he  i n i t i a l  step i s  soon d i l u t e d  o r  reacted away. 
the  coal  being fed  can be the  source f o r  o i l  i n  hand once the  steady s ta te  has been 
sustained f o r  an adequate pe r iod  o f  t ime. 
removed by the  intermediate and low temperature separators which i s  no t  returned as 
p a r t  o f  the fo rmula t ion  plus o i l  d i s t i l l e d  from the u n f i l t e r e d  coal  so lu t i on  and not 
reformulated. This d i s t r i b u t i o n  i s  sub jec t  t o  some adjustment depending on how the 
mechanics o f  the u n i t  are managed. Th is  depends on the  so l i ds  l eve l ,  the temp- 
e ra tu re  o f  the  feed pot,  and the  amount o f  o i l  returned t o  maintain the pumping 
cha rac te r i s t i cs  o f  t he  feed s l u r r y .  

Only 

The o i l  cons is ts  o f  any l i g h t  product 

When steady s t a t e  operat ion has been maintained f o r  an adequate time, the output 
r a t e  f o r  each product category i s  measured. 
var ious separator streams, d i s t i l l e d  o i l  from u n f i l t e r e d  coal  so lu t ion ,  vacuum 
bottoms from t h i s  d i s t i l l a t i o n  and separat ion o f  the product i n t o  mineral  and v a r i -  
ous so lub le  phases. From these data a y i e l d  i s  ca lcu la ted  re fe r red  t o  dry feed coal 
basis. A l l  o i l s  a re  analyzed by s imulated d i s t i l l a t i o n  and a proport ioned blend i s  
made us ing  the y i e l d s  from each separator o r  d i s t i l l a t i o n  procedure ( co r rec t i ng  f o r  
amounts returned t o  reac t ion) .  

These categor ies are: gas, water, 

This blend of d i s t i l l a t e  o i l s  then represents the  
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i d i s t i l l a t e  o i l  made from the coal a t  the conditions of the experiment. Since there 
i s  no dilution with extraneous solvents, t h i s  blend should represent the input coal 
as operated on by the process and the ca ta lys t  i n  use. 

The proportional blend i s  usually d i s t i l l e d  t o  produce a naphtha, a middle o i l ,  and 
I 

: a heavy o i l  sample. A re ta in  sample of the proportional blend i s  also kept. This 

In our experiments coal samples a re  fed with these moisture contents and no attempt 
has been made t o  force complete drying. Drying i s  known t o  be detrimental f o r  l i g -  
ni tes  and subbituminous coals because of the r i sk  of oxidation of the material6. 
The usual bituminous coal will dry readily and does not re ta in  troublesome amounts 
of water. Moisture i>  determined by toluene d i s t i l l a t i o n  rather  t h a n  by oven dry- 
ing. This method gives higher moisture resu l t s  than would be ob- 
tained by oven drying and the difference seems t o  be due t o  oxidation of the coal i n  
the oven drying method. Slurry samples are  taken during experiments and a re  ana- 
lyzed for  water by the toluene d i s t i l l a t i o n  method. A balance f o r  water entering 
with the coal and water retained by the warm feed s lurry i s  therefore possible. 
Loss of water from feed s lurry i s  normally observed and i t s  e f fec t  can be corrected 
in yield calculations. 

Table I presents the compositional analysis of the coals chosen for  t h i s  study. 
are  concerned with moisture content, the elemental analysis ,  the sulfur  forms 
analysis ,  and the analysis of the mineral residue from ashing the sample. 
swelling index i s  useful f o r  developing some in tu i t ion  regarding the degree of 
polymerization of the bituminous coals, b u t  the lower rank samples are nonagglom- 
erating or  have zero values. This probably indicates t h a t  the bonding i s  t h r o u g h  
mineral ions t o  a considerable extent. 
sieving are  shown. 

Sulfur forms indicate the pyri te  content of the coal. The to ta l  iron in the mineral 
residue will usually match the pyri te  content closely or may r u n  j u s t  a b i t  higher. 
The total  amount o f  basic material in the ash i s  interest ing because t h i s  re la tes  t o  
the tendency f o r  the ash t o  re ta in  sulfur  when the coal i s  ignited. For many low 
rank coals much of the su l fur  in the coal will be retained by the ash. Note tha t  
the Belle Ayr ash retains  20.78% of SO3 and tha t  the ash from the Texas Big Brown 
l ign i te  retained 18.10% of SO3. Sulfur retention by the ash  may vary in hydrogena- 
t ion experiments i f  the sulfur  removal during liquefaction i s  high. 
the sulfur  remaining in the system may not produce a n  ash with a normal SO3 content 
and corrections in  the ash  yield a re  necessary. 

Elemental analysis resu l t s  are  sensi t ive t o  the method used for  the determination of 
water, since most of these analyses have t o  be made on a wet o r ,  a t  best, a partly 
dry sample. I t  i s  considered impractical to  f u l l y  dry t h e  low rank coals as par t ia l  
oxidation may resu l t .  For these coals, resu l t s  by the conventional ASTM Oven drying 

See ASTM D 95. 

We 

The free 

Typical small changes i n  moisture d u r i n g  

In  t h i s  case, 
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method are compared t o  r e s u l t s  ad jus ted  f o r  the to luene d i s t i l l a t i o n  analysis.  
Since more water i s  genera l l y  found by the  toluene d i s t i l l a t i o n  method, the hydrogen 
and oxygen content a t t r i b u t e d  t o  the  organic phase w i l l  be changed by choice of t h i s  
method. 
feed s l u r r y  by the  d i s t i l l a t i o n  method. 

I n  comparing P&M p re fe r red  r e s u l t s ,  t h e  n i t rogen  value obtained by our laboratory 
w i l l  occasional ly be found t o  be h ighe r  than the value reported by o ther  labora- 
t o r i e s .  
n i t rogen  inpu t  w i t h  the  coal  and the  n i t rogen  found i n  the product array. 
d i f f e rence  i s  a t t r i b u t e d  t o  a more severe d iges t i on  procedure, p a r t i c u l a r l y  on the 
feed coal  where a tendency f o r  incomplete d iges t i on  i s  o f t e n  observed. 
tend t o  digest more r e a d i l y  and anomalous r e s u l t s  i n  which more n i t rogen appears i n  
the  products than i n  the  feed may be encountered. 
encountered w i thout  regard fo r  rank and probably r e f l e c t  the  experience o f  the 
analysts involved more than an i nhe ren t  de fec t  i n  the  method. 
B e l l e  Ayr coal  ana lys is  i s  i n  disagreement. 

This change i s  a lso  fo rced by the  need t o  f o l l o w  the  water balance o f  the 

This h igher  r e s u l t  i s  usua l l y  j u s t i f i e d  by a b e t t e r  balance obtained i n  the 
This 

Products 

These d i f fe rences  are randomly 

I n  these r e s u l t s ,  the 

YIELDS FROM SRC I 1  REACTIONS 

The resu l t s  f o r  each o f  the coal  runs se lec ted  as examples are presented below t o  
a l l ow  easy comparison. These are  presented on a d ry  feed coal basis and ca ta l ys t  
conversion products are s ta ted  separately where ca ta l ys ts  a re  used. 

PRODUCT YIELDS 

Bituminous 'lexas L i q n i t e s  Subbi tuminolz. - __ - - 
Yie lds .  Ut% based on MF Coal NO. Oakota m S & - B n e  Ay? Poy_h_a_tanBlackshVx 
Experiment Number DOE 4 4 0 M  440RE 439W" 439RO 409R 40217 

Uater  9.7 11.6 9.7 9.4 4.6 3.4 
Carbon Monoxide 1.6 1.0 1.0 1.5 0.5 0.5 
Carbon D iox ide  6.4 11.0 4.7 4.2 0.7 0.7 
Hydrogen S u l f i d e *  2.2 1.9 1.5 1.7 3.1 2.7 
Amonia  0.8 0.6 0.7 0.6 0.4 0.5 
Methane through Butanes 9.9 10.8 8.4 11.2 14.2 1 1 . 4  

Naphtha ( C  through 193'C) 23.0 17.2 15.1 16.7 14.9 11.1 
Midd le  Oi, ! i l late (193-288°C) 23.1 19.3 19.2 24.1 16.5 13.6 
Heavy D i s t i l l a t e  (over 288'C) 5.8 4.4 15.6 11.3 8.5 12.8 

T o t a l  Oi  s t i  1 I a t e  51.9 40.9 49.9 52.1 39.9 37.5 

SRC ( P y r i d i n e  s o l . ,  non-d is t . )  12.7 16.3 21.1 17.0 25.2 31.7 
I n s o l u b l e  Organic H a t t e r  0.9 1.8 3.7 3.1 5.4 5.4 
Ash 11.0 9.8 6.6 6.8 10.2 12.5 

C a t a l y s t  Conv. Products 2.1 2.1 2.1 2.0 none 2.1 

Hydrogen Reacted 5.0 5.3 5.2 5.6 4.3 4.2 
Reactor Pressure 2250 2250 2250 2250 1800 2250 

* Hydrogen s u l f i d e  y i e l d  inc ludes  produc t  from p y r i t e  used as c a t a l y s t .  A l l  cata lyzed t r i a l s  used 5X 
p y r i t e  based on coal  fed. 

noininal  r e t e n t i o n  t ime,  except DOE 409R r u n  a t  457T f o r  1.0 hours.  

Powhatan and B l a c k s v i l l e  a r e  P i t t s b u r g h  seam (No. 8 )  coa ls .  

**  DOE 439M r u n  a t  430'C f o r  1.55 hour r e t e n t i o n  time. Al l  o t h e r  runs a r e  a t  450°C for 1.0 hours 

The Powhatan No. 3 Mine coal could be processed a t  1800 ps ig  w i thout  the use o f  a 
c a t a l y s t  since the  coal  contained enough p y r i t e  t o  ca ta lyze  the react ion.  
B l a c k s v i l l e  Mine 2 coal  i s  a l ess  reac t i ve  coal  run  a t  condi t ions matching those 
used w i t h  the l i g n i t e s  and the  DOE 439RD subbituminous t r i a l .  

A conventional reac t i on  w i t h  a bituminous coal  i s  run  w i t h  a temperature p r o f i l e  i n  
the  reac tor .  This runs from 45OOC a t  t h e  bottom and reaches 460°C a t  the top. The 
volume average temperature i s  near 457°C. A b a f f l e d  a i r  furnace surrounds the reac- 
t o r ,  therefore i t  i s  p r a c t i c a l  t o  impose t h i s  pa t te rn  on the reactor.  This i s  done 
t o  match the p r o f i l e  observed i n  the F o r t  Lewis P i l o t  P lan t ' s  reactor.  I n  explora- 

The 
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t o r y  work, the  usual procedure i s  t o  maintain a f l a t  p r o f i l e  a t  the  speci f ied tempera- 
ture.  
439RA t r i a l  which used a uni form 430°C p r o f i l e .  

I t  appears t h a t  a temperature o f  about 450 t o  455 cent igrade i s  requ i red  f o r  good 
o p e r a b i l i t y  w i t h  bituminous coals, and t h a t  somewhat lower temperatures are useful  
f o r  the  subbituminous coals and l i g n i t e s .  Experience i s .  no t  extensive, bu t  t r i a l s  
a t  440°C and one hour nominal t ime produce good resu l t s .  
t h i s ,  the reac t ion  t ime must be extended t o  maintain the  o i l  y i e l d .  Run DOE 439RA 
i s  an example o f  t h i s  k ind  o f  study. 
t h i s  change i s  made. A s h i f t  towards heavy o i l  and an increase i n  SRC i s  a lso  
observed. 

As the  oxygen content o f  t he  coal  increased, a corresponding increase i n  the y i e l d  
of carbon monoxide, carbon d iox ide  and water resul ted.  
t o  make a l i g h t e r  average molcu la r  weight product a r ray  ( l ess  bituminous ma te r ia l )  
and a lso  t o  make a lower y i e l d  o f  py r id ine  i nso lub le  mater ia l  ( i nso lub le  organic 
matter, I O M ) .  
nous t o  l i g n i t e .  
out  o f  the feed f o r  the  B e l l e  Ayr coal, the  y i e l d  o f  I O M  increases s tead i l y  dur ing 
the time t h a t  the  progressive d i l u t i o n  o f  t he  res idua l  ma te r ia l  i n  the feed takes 
place. F ina l l y ,  the  system becomes inoperable and the  I O M  a t  t h i s  p o i n t  i s  about 
14%5. Small amounts o f  i r o n  seem e f f e c t i v e  f o r  the  low rank coals and the t e s t  o f  
dropping out the c a t a l y s t  feed d i d  no t  produce a conclusive f a i l u r e  i n  the case o f  
the  Texas Big Brown l i g n i t e  which contains 0.71% o f  i r on .  The North Dakota sample 
became inoperable when the  p y r i t e  add i t i on  was stopped. This sample contains 0.75% 
i ron ,  therefore the  d i f f e rence  i s  due t o  the  d i f f e rence  i n  the organic phase. The 
Be l l e  Ayr coal contains on ly  0.31% o f  i r o n  and i s  c l e a r l y  inoperable w i thout  a 
ca ta l ys t  addi t ion.  

Most o f  these runs were there fore  done a t  a uni form 450°C, except fo r  the  DOE 

A t  temperatures lower than 

A small decrease i n  gas y i e l d  i s  observed when 

The lower rank coals appear 

This t rend increases as rank decreases from bituminous t o  subbitumi- 
Use o f  an adequate c a t a l y s t  i s  i m p l i c i t . .  When c a t a l y s t  i s  dropped 

PRODUCT COMPOSITIONS 

The main products der ived from the  SRC I 1  process are  the  d i s t i l l a t e  o i l s .  
are character ized by ana lys is  o f  the  three f r a c t i o n s  d i s t i l l e d  from the  propor t iona l  
blend represent ing a l l  o f  the  condensates and d i s t i l l a t e s  made i n  the process. 
elemental analysis o f  each f r a c t i o n  i s  presented i n  the fo l l ow ing  tab le  f o r  compari- 
son. 

It i s  c lea r  t h a t  t he  compositions are much the  same no mat te r  what coal i s  under 
consideration. Small d i f fe rences  are observed which r e f l e c t  the  d i f f e r i n g  amounts 
o f  oxygen, s u l f u r  and n i t rogen  i n  the  organic phase o f  t he  coals and the tendency 
f o r  a f r a c t i o n  o f  t h i s  ma te r ia l  t o  be re ta ined by the  o i l  products. Oxygen i s  re -  
ta ined as an -OH func t i ona l  group; compounds ranging from simple phenol through an 
assortment o f  methyl phenols and dimethyl phenols on t o  more complex substances. 
The mid range mater ia ls  are the  most abundant and oxygen tends t o  concentrate i n  the 
middle o i l  as phenolics. Where the oxygen i n p u t  i s  large, the  concentrat ion o f  
simple phenol i s  g rea t  enough f o r  some oxygen t o  s p i l l  over i n t o  the naphtha f rac -  
t i o n  ( the  temperature was chosen wh i l e  working w i t h  bituminous coals and i s  a 
l i t t l e  too h igh  t o  c u t  ou t  phenol c lean ly ) .  

It has been reported t h a t  t he  res idua l  su l fu r  i n  SRC I1  o i l s  i s  present i n  an ar ray  
of thiophene der ivat ives7. 
s t a b i l i t y  t o  surv ive  a t  l e a s t  i n  p a r t  a t  the  cond i t ions  used. 
much more complete than n i t rogen  e l im ina t ion .  
the o i l  as qu ino l ine  de r i va t i ves  o r  o ther  s i m i l a r  substances i n  which the ni t rogen 
i s  i n  the  r ing8. About 3/4 o f  the  t o t a l  n i t rogen  i s  basic enough t o  t i t r a t e  w i t h  
perch lo r ic  ac id  i n  g l a c i a l  ace t i c  acid. 

While d i s t i l l a t i o n  residues would normal ly be used f o r  hydrogen manufacture feed- 
stock, i t  i s  recognized t h a t  they contain converted coal and t h a t  the inspect ion of 

These 

The 

This k ind  of s t ruc tu re  has the  thermal and chemical 

Ni t rogen i s  reported t o  remain i n  
Su l fu r  e l im ina t i on  i s  
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A n a l y t i c a l  Resu l t  

COMPOSlTlON OF PRODUCT OILS AN0 O l S l l l  LATION RESIDUES 

Experiment Number OOE 440RA 440RE 4 3 9 ~ ~  4 3 9 ~ ~  409R 402R 

KaDhtha ( I B P  t o  193’C) 
Carbon 
Ilydroyen 
S u l f u r  
N i t rogen 
Oxygen 

Middle D i s t i l l a t e  (193-288) 
Carbon 
Hydroyen 
S u l f u r  
lii t rogen 
Oxygen 

Carbon 
Iiyd t-ogen 
S u l f u r  
t i i  t r o y e n  
Oxygen 

Carbon 
Hydroyen 
S u l f u r +  
f l i  t rogen 
Ash” 

Heavy D i s t i l l a t e  [over  288’C) 

D i s t i l l a t i o n  Residue 

03.30 81.11 84.15 R4.98 86.11 . R6.01 
13.20 12.25 13.20 13.44 12.63 13.26 

0.06 0.77 0.7G 0.13 0.31 0.1H 
0.22 0.19 0.18 0.20 0.27 0.21 
3.22 6.18 1.61 1.25 0.68 0.34 

84.70 03.77 81.15 84.97 05.40 85.0.8 
9.55 9.10 9.26 9.62 9.05 9.41 
0.10 0.00 O.OG 0.02 0.23 0.01 
0.85 0.69 0.85 0.84 0.99 I .02 
4.80 6.44 5.68 4.55 4.33 4.48 

87.44 07.57 81.92 88.29 80.83 RR.69 
8.50 0.17 0.41 R.07 7.44 8.03 
0.15 0.14 0.06 0.05 0.78 0.29 
1.19 1.05 1.07 1.13 1.25 1.22 
2.72 3.06 2.74 1.66 1.70 1.77 

__- 
* S u l f u r  i n  d i s t i l l a t i o n  res idue conta ins  s u l f u r  reac ted  w i t h  i r o n  f rom c a t a l y s t .  

** Ash conta ins  c a t a l y s t  res idue.  On o x i d a t i o n  t o  ash, s u b s t a n t i a l  we igh t  changes are  produced which 
prec lude any a t tempt  t o  c a l c u l a t e  oxygen c o n t e n t  by d i f fe rence.  

the residue gives some ins ight  into the chemistry of the process. 
a number of extractions are  done t o  fur ther  characterize the material. The ash con- 
s i s t s  of t he  reduced mineral matter fed w i t h  the coal and derived from the pyrite 
where this  ca ta lys t  i s  added. When analyzed, the to t a l  su l fur  in  the mineral phase 
contributes much of t he  value and obscures the composition of the organic material. 
The weight  gain of t he  mineral phase on igni t ion precludes calculation of the oxygen 
content of the organic phase by difference. I t  i s  possible to  ex t rac t  sequentially 
w i t h  appropriate solvents and obtain the organic phase as a separated material for  
analysis ,  b u t  th is  i s  not rout inely done. 

Dis t i l l a t ion  residues a r e  rout inely characterized by extraction w i t h  hexane, toluene 
and pyridine. 
the boiling p o i n t  o f  each solvent. 
before the extraction procedure. 
applied to each of three samples. 
percent soluble and also a s  the fract ion of the to t a l  soluble i n  pyridine which i s  
soluble in hexane o r  i n  toluene. 
t e r  i n  our procedures. 

I t  i s  also possible t o  calculate  a d i s t r ibu t ion  by subtraction of values obtained by 
extraction. 
maltene by some workers9 i s  obtained d i r ec t ly .  
b i l i t y  from the toluene so lubi l i ty ,  the amount of hexane insoluble b u t  toluene 
soluble material i s  calculated. 
from the pyridine soluble term, the amount o f  toluene insoluble but pyridine soluble 
material can be calculated. 
asphal tene, and pre-asphaltene. 

For t h a t  reason 

These a re  r u n  i n  Soxhlet extractors  u s i n g  ceramic thimbles a t  near 
The residue i s  ground and sieved t o  -100 mesh 

Usually the work i s  done w i t h  a s ingle  solvent 
Results f o r  the residues a re  expressed in weight 

IOM i s  defined as pyridine insoluble organic mat- 

The hexane soluble non-dis t i l lable  f ract ion (which has been called 
By subtraction of the hexane solu- 

Again, by subtraction of the toluene soluble term 

Results f o r  these extraction procedures follow: 
The values correspond, somewhat loosely, t o  maltene, 



EXTRACTION RESULTS FOR O l S T l L L A l l O M  RESII)UES 

Experiment Number DOE 440RA 440RE 439RA 439RO 409R 402R 

Solubi  1 i tLi2 
23.9 30.9 Hexane, w t  I 26.6 24.5 36.3 28.7 

Toluene, w t  X 40.3 44.0 52.7 49.7 5 2 . 4  53.8 

P y r i d i n e  I n s o l u b l e ,  X 56.4 48.4 38.3 44.7 40.2 41.8 

__-- 

P y r i d i n e ,  w t  % 43.6 51.6 61.7 55.3 59.8 58.2 

Frac t ions  
0.610 0.469 0.588 0.519 0.400 0.530 tlexane/pyri d i  ne 

To1 uene lpyr id ine  0.925 0.835 0.854 0.898 0.876 0.926 

Toluene So lub le  
P y r i d i n e  So lub le  
Tota l  SRC S o l i d s  
P y r i d i n e  I n s o l u b l e  0.9 1.8 3.7 3.1 5.4 5.4 

The recycle procedure used in the SRC I1 process exposes the non-volatile products 
derived from coal t o  reaction conditions repeatedly. When ca ta lys i s  i s  adequate t o  
allow prompt quenching a f t e r  thermal bond breaking, the heavy material i s  reduced i n  
average molecular weight ( o r  a t  l e a s t  made more soluble) .  Thus, the so lubi l i ty  of 
the non-distillable material in hexane a t  ref lux will be an appreciable f ract ion of 
the organic material which i s  soluble in the best available solvent (pyridine) .  
Most of the organic material remaining i s  soluble in toluene a t  reflux. The concen- 
t ra t ion  of pre-asphaltene i s  low in a l l  cases. These resu l t s  a re  s ignif icant ly  d i f -  
ferent  from single  pass resu l t s  of the SRC I process. I n  tha t  case, retention times 
and pressures a re  adjusted t o  make non-dis t i l lable  material as the principal p roduc t  
and hexane so lubi l i t i es  are often n o t  more than 20% or so of the SRC sol ids  obtained. 
Toluene so lubi l i ty  i s  l ess  i n  t h a t  case also. 

DISCUSSION 

These experiments have highlighted two fundamental analytical problems in  the con- 
duct of liquefaction runs with low rank coals. 
conventional oven drying methods leads t o  d i f f i c u l t i e s  in matching water input and  
water content of s l u r r i e s .  When a l l  determinations a r e  based on toluene d i s t i l l a -  
t ion ,  rational values a re  obtained, b u t  a shif t  in  hydrogen and oxygen content 
a t t r ibu ted  t o  the organic phase of the coal i s  introduced. The difference between 
oven drying and the toluene d i s t i l l a t i o n  (actual ly  xylene d i s t i l l a t i o n  i s  the recom- 
mended method) i s  well documentedlo. 
the more accurate method and our experience i s  in agreement. 

A l ess  well known problem was f i r s t  well defined when molybdenum was used as a cata- 
l y s t  with low rank coals. 
contributes l i t t l e  t o  the ash  content of the system. 
matching ash input and outputs, and even a f t e r  long equi l ibrat ion periods, the 
recovery of ash in products was low. Analysis of the ash for  su l fur  indicated t h a t  
l ess  SO3 was present in the ash t h a n  would be found in the ash from the ASTM analy- 
s i s .  This seems reasonable when the evolution of su l fur  as hydrogen su l f ide  during 
reaction i s  considered. 
correction b rough t  input and o u t p u t  in to  balance. 
f e r r i c  oxide without complications; therefore, the problem i s  less  evident in those 
cases in which pyri te  i s  used as a catalyst .  
stances where a ca ta lys t  i s  dropped out and the reaction can be sustained down t o  
low levels of residual ca ta lys t ,  as  in the case of the Texas l ign i te .  

While d a t a  are n o t  extensive, i t  appears tha t  conversion i s  highest for  l ign i tes  and  
a l i t t l e  lower f o r  subbituminous coals. 
lower conversions. 

F i r s t ,  the  determination of water by 

These d i s t i l l a t i o n  methods are  reported t o  be 

This can be effect ive a t  qui te  low concentrations and 
Diff icul ty  was observed in 

Correction of the  ash  t o  a new weight basis w i t h  the sulfur 
Pyrrhotite seems t o  igni te  to  

The e f f e c t  may crop u p  in some in- 

Most bituminous coals tend to give even 
Thus, IOM yields  for the l ign i tes  tend t o  be below 2%, for the 
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subbituminous coa ls  i n  the  range from 2% t o  4%, wh i l e  the  bituminous coals range 4% 
and up t o  perhaps 7%. 
t u r e  and coal  type, w i t h  y i e l d s  i n  a w e l l  managed SRC I 1  operat ion tending toward 
the  lower l i m i t s  f o r  a given coal .  

Oxygen and s u l f u r  removal i s  reasonably e f f e c t i v e  f o r  coals o f  a l l  ranks i n  the  
SRC I 1  process, bu t  n i t rogen  removal i s  q u i t e  incomplete. The main d r i v i n g  fo rce  i s  
thermal bond breaking and none o f  the  disposable ca ta l ys ts  which have been tested 
have s i g n i f i c a n t l y  improved t h e  n i t r o  en removal s i t ua t i on .  The product composi- 
t i o n s  which are presented a re  typicalq1. 

A t  the  condi t ions used i n  exp lo ra to ry  work, y i e l d s  of o i l  are high w i t h  the low rank 
coals. 
a c t u a l l y  lower than the  amount needed f o r  hydrogen manufacture. 

Py r i t es  are the bes t  disposable c a t a l y s t  now i d e n t i f i e d  and app l i ca t i on  t o  low rank 
coa ls  a t  optimum cond i t ions  may become a t t r a c t i v e .  The ef fect iveness o f  p y r i t e  i s  
much more ev ident  i n  recyc le  than i n  s i n g l e  pass procedures. This may be due t o  the 
time required f o r  d ispers ion  o f  t he  ma te r ia l  o r  o ther  factors no t  understood a t  t h i s  
time. Addi t ion o f  p y r i t e  t o  bituminous coals may no t  appear e f f e c t i v e  i n  those 
cases where q u i t e  a b i t  o f  i r o n  i s  already present. I t  a lso  appears t h a t  the  s t ruc-  
t u r e  o f  the organic phase i s  an important f a c t o r  which l i m i t s  the  r a t e  o f  conversion 
t o  o i l .  Thus, t he  system becomes i n s e n s i t i v e  t o  ca ta l ys i s  unless some f a c t o r  which 
in f luences  cracking i s  a l so  present. I t  does no t  appear t h a t  i r o n  s u l f i d e  f a c i l i -  
t a tes  cracking o f  t he  heavy ma te r ia l s  bu t  ra the r  func t ions  t o  maintain a favorable 
concentrat ion o f  hydrogen i n  t h e  l i q u i d  phase t o  favor  rad i ca l  quenching react ions.  
I f  t h i s  i s  t rue,  the  low rank coa ls  must y i e l d  smal ler  and r e l a t i v e l y  s impler 
intermediate reac t i on  products because o f  t he  r e l a t i v e  ease w i t h  which d i s t i l l a t e  i s  
obtained. 

The I O M  y i e l d  i s  s e n s i t i v e  t o  ca ta l ys i s ,  pressure, tempera- 

Conversely, the  y i e l d  o f  bituminous residue i s  lower than normal and i s  
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TABLE I 

Coal Analyses 

Coal I d e n t i f i c a t i o n  
Company 
M i  ne 
Seam 
Sta te  

Rank 

Texas u t i l i t y  
B i g  Brown 

Wilcox 
Texas 

L i g n i t e  

% Mo is tu re  ASTM D 3173 
% Mo is tu re  ASTM 0 95 

Heat ing Value, ETU/lb 

Free Swel l ing  Index 

% P y r i t e  Su l fu r  
% S u l f a t e  S u l f u r  
% Organic S u l f u r  
% To ta l  S u l f u r  

S u l f u r  Forms 

U l t i m a t e  Analysis,  d r y  basis 
% Carbon 
% Hydrogen 
% N i t rogen 
% Ch lor ine  
% S u l f u r  
% Ash 
% Oxygen 

Minera l  Analysis,  w t  I 
I g n i t e d  Basis 

% S i l i c a ,  Si02 
Z Alumina A1 03 
% T i t a n i a :  Ti62 
% F e r r i c  Oxide, Fez03 
% Lime, CaO 
% Magnesia, MgO 
% Potassium Oxide, K20 
% Sodium Oxide, Na2O 
% S u l f u r  Tr iox ide ,  SO3 
i Phos. Pentoxide. P2O5 
% S t ron t ium Peroxide 
% Barium Oxide 
% Manganese Oxide 
% Undetermined 

I I r o n  i n  Coal 

% E q u i l i b r i u m  Moisture 

11.44 
47.19 
41.37 

17.98 '%% 
21.58 

10.977 

0 

0.14 
0.03 

1.10 
0.93 

63.85 
4.93 
1.19 
0.07 
1.10 

11.44 
17.42 

34.85 
12.78 
1.18 
8.90 

19.16 
3.32 
0.38 
0.66 

18.10 
0.04 
0.33 
0.04 
0.26 _ _  
0.71 

26.28 

To D 95 
65.96 

4.72 
1.23 
0.07 
1.14 

11.82 
15.06 

Nor th  American 
I n d i a n  Head 
Beula-Zap 

Nor th  Dakota 

L i g n i t e  

Amax 
B e l l e  Ayr 

Wyodak-Anderson 
Wyoming 

Subbituminous 

10.15 
45.24 
44.61 

Sieved 
13.88 T53 

19.63 

10,067 

0 

0.47 
0.19 
0.40 
1.06 
__  

61.80 
4.13 
0.89 
0.03 
1.06 

10.15 
21.94 

21.49 
8.75 
0.37 

10.78 
16.05 
5.09 
0.80 
9.78 

25.52 
0.19 
0.60 
0.56 
0.02 - -  
0.16 

32.39 

TO D 95 m- 
3.79 
0.91 
0.03 
1 . 1 1  

10.63 
18.80 

f l .951 

0 

0.16 
0.05 

0.64 
9.43 

69.80 
4.84 
0.90 
0.15 
0.64 
7.16 

16.51 

27.50 
16.26 
1.26 
6.26 

20.24 
3.40 
0.74 
1.34 

20.87 
1.25 
0.41 
0.45 
0.02 _ _  
0.31 

23.06 

71.19 
4.55 
1.17* 
0.15 
0.48 
7.09 

15.37 

North kner ican  
Powhatan No. 3 

P i t t s b u r g h  
Pennsylvania 

Bi tuminous 

conso1 
E l a c k s v i l l e  No. 2 

Pi t tsburgh 
Pennsylvania 

Bituminous 

10.85 
42.29 
46.86 

Sieved 
3.72 1.30 

1.90 

13,171 

6 

2.03 
0.08 
2.54 
4.65 
- 

72.03 
5.11 
1.30 
0.09 
4.65 

10.85 
5.97 

41.62 
20.19 
0.89 

28.24 
2.65 
0.68 
1.59 
0.87 
3.03 
0.11 
0.04 
0.04 
0.05 _ _  
2.14 

2.66 

11.94 
38.69 
49.37 

Sieved 
2.32 0.99 

I .54 

13,331 

8 

1.65 
0.05 
1.39 
3 . 0 9  

71.10 
5.22 
1.55 
0.07 
3.08 

11.94 
7.04 

42.60 
20.02 
0.91 

20.86 
6.06 
0.94 
1.49 
1.20 
5.33 
0.48 
0.00 
0.08 
0.04 _ _  
1.74 

* Ni t rogen value i n  disagreement. 
Toluene d i s t i l l a t i o n  r e s u l t  on ly  a v a i l a b l e  on i i e v e d  samples. 
Conniercial ana lys is  r e s u l t s  are adjusted fo r  d i f fe rence i n  water by 0 3173 & 0 95. 
s ieved sainples may conta in  s l i g h t l y  d i f f e r e n t  ash va lues  and y i e l d s  are' ad jus ted  t o  the ana lys is  fo r  s p e c i f i c  l o t s  
of coa l  fed. 
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I l l i n o i s  No. 6 coa l  is l i q u i f i e d  us ing  s u p e r c r i t i c a l  wa te r  as so lven t  and s t an -  
nous c h l o r i d e  o r  molybdenum t r i s u l f i d e  c a t a l y s t  impregnated i n  t h e  coa l  a t  640- 
673 K ,  hydrogen charge p r e s s u r e s  o f  2 .6-5 .4  MPa, and system p r e s s u r e s  of 22.3- 
34.6 MPa. 
54 w t  % maf a r e  a t t a i n e d .  
r a t e s  t h e  o i l  and a spha l t enes  from t h e  coa l  c h a r ,  p roducing  a f r i a b l e  r e s i d u e  
from s i z e d  ( 3 . 2  mm) coa l  i n  ba t ch  t es t s .  

Hydrogen consumption i s  0.3-2 g / g  c o a l .  Yields o f  gases  and l i q u i d s  t o  
S u p e r c r i t i c a l  water d i s t i l l a t i o n  q u a n t i t a t i v e l y  sepa-  

INTRODUCTION 

Major f a c t o r s  impeding t h e  commerc ia l iza t ion  o f  d i r e c t  l i q u i f a c t i o n  o f  c o a l  
a r e  t h e  c o s t  of t h e  hydrogen needed t o  produce a good product  s l a t e ,  s o l i d - l i q u i d  
s e p a r a t i o n  d i f f i c u l t i e s ,  and t h e  phys ica l  i s o l a t i o n  o f  t h e  coa l  s u r f a c e s  and 
suppor ted  c a t a l y s t s .  
p rocess  t h a t  r e s o l v e s  o r  r educes  t h e  impact o f  t h e s e  f a c t o r s .  

p regnat ion  o f  coa l  i n t e r s t i c e s  wi th  hydrogenat ion  c a t a l y s t .  C a t a l y s t s  t h a t  a r e  
s o l u b l e  i n  o rgan ic  l i q u i d  and t h a t  a r e  e f f e c t i v e  i n  hydrogenat ion  a r e  r a r e .  In  
c o n t r a s t ,  many hydrogenat ion  c a t a l y s t  s p e c i e s  a r e  s o l u b l e  i n  water. Consequently,  
water  i s  s e l e c t e d  as t h e  s o l v e n t  f o r  t h e  c o a l  l i q u i f a c t i o n  p rocess .  Upon h e a t i n g  
a c a t a l y s t - w a t e r  s o l u t i o n  i n  con tac t  wi th  c o a l  i n t o  t h e  s u p e r c r i t i c a l  r eg ion ,  
c a t a l y s t  i s  p r e c i p i t a t e d  o n t o  t h e  coa l  s u r f a c e s  and i n t o  i t s  i n t e r s t i c e s .  Thus 
t h e  need t o  employ a hydrogen c a r r i e r  s p e c i e s  i s  negated .  

genera ted  i n  s i t u  by carbon-water r e a c t i o n ,  though it i s  r e a l i z e d  t h a t  t empera tu res  
nea r  t h e  647 K c r i t i c a l  t empera ture  o f  water  a r e  lower than  t h e  820+ K t empera tu res  
used f o r  producing reducing  gas  by t h e  carbon-steam r e a c t i o n .  I t  i s  necessa ry  t o  
add e x t r a  hydrogen t o  t h e  r e a c t o r  t o  i n c r e a s e  i t s  p a r t i a l  p r e s s u r e  i n  o r d e r  t o  
i n c r e a s e  y i e l d  and dec rease  v i s c o s i t y  o f  l i q u i d  p roduc t .  
monoxide o r  s y n t h e s i s  gas  i n  l i e u  o f  hydrogen s e r v e s  t h e  same purpose ,  wi th  hydro- 
gen be ing  formed i n  t h e  r e a c t o r  by t h e  water  gas  s h i f t  r e a c t i o n  a t  670-770 K .  The 
use o f  water  a s  t h e  coa l  l i q u i f a c t i o n  s o l v e n t  can reduce  t h e  c o s t  o f  producing 
hydrogen f o r  t h e  coa l  l i q u i f a c t i o n  p l a n t .  

i n t o  t h e  s u p e r c r i t i c a l  water  and s h o u l d n ' t  remain o r  be p r e c i p i t a t e d  as a s e p a r a t e  
phase.  
c r i t i c a l  s t a t e  from t h e  c o a l  r e s idue ,  c a r r y i n g  t h e  coa l  l i q u i d  overhead and e f f e c t -  
ing  a s o l i d - l i q u i d s  s e p a r a t i o n .  

t h e  water i s  allowed t o  p a s s  i n t o  t h e  s u b c r i t i c a l  s t a t e  where it can back e x t r a c t  
o r  l each  c a t a l y s t  from t h e  cha r .  I f  s i z e d  c o a l ,  r a t h e r  t han  powdered c o a l ,  i s  em- 
ployed and suspended i n  a baske t  i n  t h e  r e a c t o r ,  t h e  c a t a l y s t  p r e c i p i t a t e s  from 
t h e  water  upon evapora t ion  t o  d ryness  as a s e p a r a t e  s o l i d  phase from t h e  suspended 
coa l  cha r  product .  The c a t a l y s t  i s  in te rmixed  wi th  some f i n e s  formed dur ing  t h e  
r eac t ion .  These f i n e s  can be  e x t r a c t e d  by water  f o r  c a t a l y s t  recovery .  

E i t h e r  a cont inuous  o r  a ba t ch  p rocess  may be developed ,  though wi th  a ba t ch  
p rocess  t h e  use  o f  powdered coa l  can r e s u l t  i n  an unaccep tab le  agglomerated chunk 
of coa l  cha r  as t h e  s o l i d s  product .  
can r e s u l t  i n  t h e  product ion  of  a f r i a b l e  coa l  cha r  p roduc t .  

The goa l  o f  t h i s  work i s  t o  advance a coa l  l i q u i f a c t i o n  

The use  o f  a c a t a l y s t  s o l u b l e  i n  a c o a l  l i q u i d  s o l v e n t  a l lows  f o r  d i r e c t  i m -  

Some hydrogen f o r  t h e  h y d r o l i q u i f a c t i o n  and g a s i f i c a t i o n  r e a c t i o n s  can be  

The a d d i t i o n  o f  carbon 

A s  t h e  coa l  l i q u i f a c t i o n  r e a c t i o n  proceeds ,  t h e  l i q u i d  produced i s  e x t r a c t e d  

A t  t h e  end of t h e  r e a c t i o n ,  t h e  water  is s imple  d i s t i l l e d  i n  t h e  super -  

Towards t h e  end o f  t h e  d i s t i l l a t i o n  o f  t h e  aqueous phase from t h e  coa l  r e s idue ,  

The use  o f  s i z e d  c o a l  i n  t h e  ba t ch  p rocess  
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Desired p roduc t s  from t h i s  d i r e c t  l i q u i f a c t i o n  p rocess  i n c l u d e :  (1) f u e l  gas  
enr iched i n  s u l f u r ,  (2) d e s u l f u r i z e d  coal  l i q u i d ,  and (3) d ry ,  f r i a b l e ,  combustible 
d e s u l f u r i z e d  cha r .  

The work r e p o r t e d  i n  t h i s  pape r  d i f f e r s  from p rev ious  works i n  t h a t  a combina- 
t i o n  process  o f  c o a l  l i q u i f a c t i o n  wi th  hydrogen and impregnated c a t a l y s t ,  e x t r a c t i o n  
i n t o  s u p e r c r i t i c a l  water ,  and d i s t i l l a t i o n  with s u p e r c r i t i c a l  wa te r  t o  s e p a r a t e  o i l ,  
c o a l  char ,  and c a t a l y s t  i s  used. The combinations of  c o a l  n a t u r e  and s i z e ,  reduc- 
t a n t ,  c a t a l y s t ,  r e a c t o r  m a t e r i a l ,  and water d e n s i t y  i n  t h e  r e a c t o r  a r e  d i f f e r e n t  
t han  i n  t h e  p rev ious  works. 

RELATED PREVIOUS WORK 

V o l a t i l i t y  and S o l u b i l i t y  Ampl i f i ca t ion  wi th  S u p e r c r i t i c a l  F lu ids  

I t  is wel l  e s t a b l i s h e d  t h a t  s u p e r c r i t i c a l  gaseous phases  a r e  capab le  of t ak ing  
up c l a s s e s  of  compounds under  s u p e r c r i t i c a l  c o n d i t i o n s ,  t h e  amount of m a t e r i a l  
be ing  taken up by t h e  s u p e r c r i t i c a l  gas  be ing  many t imes  g r e a t e r  t han  would have 
been expected from t h e  vapor p r e s s u r e  of  t h e s e  compounds a t  t h e  t empera tu re  of  t h e  
t r ea tmen t .  Zhuse and Yushkevich (1) r epor t ed  t h i s  phenomenon f o r  t h e  e x t r a c t i o n  of 
a c rude  o i l  i n t o  methane. S t u d i e n g e s e l l s c h a f t  Kohle m.b.H. (2) ob ta ined  p a t e n t  
coverage f o r  a v a r i e t y  of  s e p a r a t i o n s  based on s u p e r c r i t i c a l  gas  e x t r a c t i o n .  Paul 
and Wise (3) p re sen ted  an overview of  t h e  s u b j e c t  a r e a .  Gangoli and Thodos (4) 
reviewed s u p e r c r i t i c a l  gas e x t r a c t i o n  f o r  r ecove r ing  l i q u i d  f u e l s  and chemical feed- 
s t o c k s  from c o a l .  Panzer E c. (5) r epor t ed  on t h e  s u p e r c r i t i c a l  gas e x t r a c t i o n  
of  t h e  c o n s t i t u e n t s  i n  a t a r  sand and a p e a t .  

The d a t a  of  Zhuse and Yuskevich (1) show t h a t  i n c r e a s i n g  p r e s s u r e  i n c r e a s e s  
t h e  s o l u b i l i t y  o f  a Russian c rude  i n  methane (Tc = 191 K ,  Pc = 4.64 MPa) a t  313 K 
and t h a t  t h e  s o l u b i l i t y  dec reases  a s  t h e  pe rcen t  s t r i p p e d  i n c r e a s e s  due t o  t h e  de- 
c r e a s i n g  vapor p r e s s u r e  of  t h e  r e s i d u e .  
30 g / l  a t  20 MPa, 80 g / l  a t  50 MPa, and 220 g / l  a t  80 MPa (790 atm).  Up t o  90% of  
t h e  o i l  could be s t r i p p e d  a t  80 MPa. 

a f f e c t s  the gas  phase s o l u b i l i t y .  With f u e l  o i l  r e s i d u e  a t  378 K ,  a vapor phase 
concen t r a t ion  of 0 .7  g / l  (upon expansion t o  s t anda rd  T and P) is reached a t  a p re s -  
su re  of  9 MPa wi th  propane (Tc = 370 K ,  Pc = 4.26 MPa) and propene (Tc = 365 K ,  
Pc = 4.62 MPa), whereas a p r e s s u r e  of  50 MPa i s  needed with e thy lene  (Tc = 283 K ,  
Pc = 5.12 MPa). 

(2) r e p o r t e d  t h e  e f f e c t  of  t empera tu re  on 
s o l u b i l i t y  l e v e l  i n  s u p e r c r i t i c a l  gas .  The s o l u b i l i t y  i s  h i g h e s t  w i th in  20 K o f  
t h e  c r i t i c a l  t empera tu re  and d e c r e a s e s  a s  t empera tu re  i s  r a i s e d  t o  100 K above t h e  
c r i t i c a l  temperature .  A t  t empera tu res  nea r  t h e  c r i t i c a l  t empera tu re ,  a sha rp  r i s e  
i n  s o l u b i l i t y  occur s  a s  t h e  p r e s s u r e  i s  inc reased  t o  t h e  v i c i n i t y  o f  t h e  c r i t i c a l  
p r e s s u r e  and i n c r e a s e s  f u r t h e r  a s  t h e  p r e s s u r e  i s  f u r t h e r  i nc reased .  Less v o l a t i l e  
m a t e r i a l s  a r e  t aken  up t o  a l e s s e r  e x t e n t  t h a n  more v o l a t i l e  m a t e r i a l s ,  so t h e  vapor 
phase has  a d i f f e r e n t  s o l u t e  composi t ion than  t h e  r e s i d u a l  m a t e r i a l .  There does 
no t  seem t o  be s u b s t a n t i a l  h e a t i n g  o r  coo l ing  e f f e c t s  upon load ing  of t h e  super-  
c r i t i c a l  gas .  I t  i s  claimed t h a t  t h e  chemical n a t u r e  of  t h e  s u p e r c r i t i c a l  gas  i s  
of minor importance t o  t h e  phenomenon o f  v o l a t i l i t y  a m p l i f i c a t i o n .  
carbon d iox ide ,  n i t r o u s  ox ide ,  p ropy lene ,  propane, and ammonia were used t o  vola-  
t i l i z e  hydrocarbons found i n  heavy petroleum f r a c t i o n s .  

S u p e r c r i t i c a l  hydrocarbons such a s  2 ,2 ,4 - t r ime thy lpen tane  have been shown by 
Barton and Hajnik (7) t o  be capable  o f  q u a n t i t a t i v e l y  vapor i z ing  heavy hydrocarbon 
f r a c t i o n s ,  such a s  Clfj-c32 l u b r i c a t i n g  o i l ,  a t  510-580 K .  The concen t r a t ion  o f  
o i l  i n  t h e  vapor phase changed from 10 t o  90 g / l  upon c r o s s i n g  t h e  c r i t i c a l  p re s -  
s u r e  (2.57 MPa). 

Panzer &. (5)  e x t r a c t e d  Athabasca t a r  sand i n  two s t e p s ,  t h e  f i r s t  with 
compressed "-pentane (Tc = 470 K ,  Pc = 3.37 MPa) and t h e  second wi th  compressed 
benzene (Tc = 563 K ,  Pc = 4.92 MPa). A t  533-563 K and 2.0-7.7 MPa, 1 -pen tane  ex-  
t r a c t e d  95% of  t h e  maltenes and a s p h a l t e n e s  from t h e  t a r  sand,  whereas a t  atmospheric 

S o l u b i l i t i e s  of  t h e  crude i n  t h e  vapor a r e  

Zhuse and Yuskevich (6) a l s o  show t h a t  t h e  nea rness  t o  t h e  c r i t i c a l  tempcrature  

S tud iengesse l scha f t  Kohle m.b. H. 

Ethylene,  e thane,  
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pres su re  only 75% was e x t r a c t e d .  
MPa removed t h e  remaining h ighe r  molecular  weight a s p h a l t e n e s .  
t h e  chemical n a t u r e  of  t h e  dense gas  i s  important  i n  some a p p l i c a t i o n s .  

The l a r g e  changes i n  t h e  a c t i v i t i e s  of  t h e  c o n s t i t u e n t s  of  a m i x t u r e . a t  and 
ad jacen t  t o  t h e  c r i t i c a l  temperature  and p r e s s u r e  o f  one o f  t h e  c o n s t i t u e n t s  has  
been demonstrated by Powell (8).  
con ta in ing  metal  s a l t s  u s ing  n-heptane as t h e  s u p e r c r i t i c a l  s o l v e n t .  
i n c r e a s e  i n  t h e  v o l a t i l i t y  of-water occurred a t  t h e  c r i t i c a l  p o i n t  of n-heptane,  
followed by a s u b s t a n t i a l  dec rease  a s  t h e  temperature  i s  r a i s e d  20 K above t h e  
c r i t i c a l  temperature  o f  n-heptane.  

Barton and Fenske (9) t o  exceed 8 w t  % a t  t empera tu res  above 590 K which i n d i c a t e s  
t h a t  water  should be a good s o l v e n t  f o r  c o a l  l i q u i d s .  

Coal L iqu i f ac t ion  

Fur the r  e x t r a c t i o n  with benzene at 633 K and 2.0 
This  i n d i c a t e s  t h a t  

He e x t r a c t e d  water  from s u l f u r i c  a c i d  s o l u t i o n s  
An exponen t i a l  

The s o l u b i l i t i e s  o f a r o m a t i c  hydrocarbons i n  l i q u i d  wa te r  have been shown by 

Weller (10) r epor t ed  on t h e  hydrogenat ion o f  Rock Spr ings ,  Wyoming, h i g h - v o l a t i l e  
C bituminous coal  with c a t a l y s t  impregnated from aqueous s o l u t i o n .  The hydrogena- 
t i o n s  were performed a f t e r  d ry ing  t h e  impregnated c o a l  and without  a v e h i c l e  s o l v e n t .  
The co ld  hydrogen p r e s s u r e  was 6 . 9  MPa, and t h e  r e a c t i o n  t ime  was 1 hour a t  723 K .  
Ammonium molybdate (1  w t  % Mo(V1)) and s tannous c h l o r i d e  (1 w t  % Sn) were shown t o  
be s u p e r i o r  c a t a l y s t s .  The fol lowing y i e l d s  were a t t a i n e d :  14-15% gaseous hydro- 
carbon,  41% o i l  (hexane s o l u b l e ) ,  and 20-27% aspha l t enes  (benzene s o l u b l e )  based on 
maf c o a l .  

i n  t h e  presence o f  s u p e r c r i t i c a l  water .  Recommended o p e r a t i n g  parameters  i nc lude :  
communition of  t h e  coa l  t o  100-200 Tyler  mesh, water  t o  c o a l  weight r a t i o  o f  1 t o  

from 24 .8  t o  35.5 MPa, temperature  from 670 t o  770 K ,  and r e a c t i o n  time from 1 t o  5 
minutes.  Conversion o f  carbonaceous m a t e r i a l  t o  o rgan ic  l i q u i d  i s  20-25%. 

4.95% s u l f u r  s l u r r i e d  i n  s u p e r c r i t i c a l  water  a t  >647 K and 22.8 MPa a t  a water  t o  
coa l  w t .  r a t i o  of  22 f o r  60 minutes.  
20% with l i t t l e  formation o f  char .  
i n  v o l .  %: 12 H 2 ,  30 CO, 37 C 0 2 ,  10 CH4, 1 C2H4, 2 C2H6, 8 H2S. Note t h e  i n  s i t u  
gene ra t ion  of hydrogen. About 80% of t h e  s u l f u r  i n  t h e  c o a l  f eed  was p r e c i p i t a t e d  
i n  t h e  water  a s  e lemental  s u l f u r  o r  r e l e a s e d  a s  HzS. They a l s o  r eac t ed  glucose i n  
s i m i l a r  f a sh ion  using N i ,  P t ,  and Co-Mo supported c a t a l y s t s  t o  promote hydrogenat ion,  
steam reforming, o r  c r ack ing .  

Ross et=&. (13) r epor t ed  on t h e  a p p l i c a t i o n  of CO/H2O chemistry t o  t h e  con- 
ve r s ion  of bituminous coa l  with Na2MoO4 and KOH c a t a l y s t s .  React ion cond i t ions  a r e  
a s  fol lows:  I l l i n o i s  No. 6 c o a l ,  -60 mesh, water  t o  c o a l  weight r a t i o  of 3 . 6 ,  CO 
(or  H2) charge p r e s s u r e  of 4.9 MPa, KOH cha rge  c o n c e n t r a t i o n  t o  4M, Na2MoOq charge 
concen t r a t ion  t o  0.02M, r e a c t i o n  temperature  o f  673 K ,  and r e a c t i o n  t ime of 20 
minutes.  
d e n s i t y  of  0.317 g/cc f o r  water  a t  i t s  c r i t i c a l  p o i n t .  
e r a t i o n  occurred i n  s i t u ,  appa ren t ly  v i a  t h e  wa te r  gas s h i f t  r e a c t i o n .  
product ion i s  promoted by t h e  KOH i n  t h e  presence of  c o a l  and ca t a lyzed  by t h e  
Has te l loy  C r e a c t o r  w a l l s .  Mo was found t o  be a t r u e  c a t a l y s t  f o r  coal  conversion,  
w i th  a tu rnove r  number of  251. 
a s  t h e  charge gas.  The y i e l d  o f  benzene s o l u b l e  m a t e r i a l  ranged from 38 t o  48  w t  % 
of  a s h - f r e e  c o a l .  
sumably t h e  gaseous product  ranged from 11 t o  15 w t  %). 

con ta in ing  t r a c e  amounts o f  metal  i ons  and us ing  carbon monoxide a s  r e d u c t a n t ,  t h e  
l i q u i f a c t i o n  y i e l d  was found t o  depend very s h a r p l y  on t h e  i n i t i a l  pH of t h e  s o l u -  
t i o n .  
l a r g e r  than 12.6. 
even when t h e  pH was 7. 

Stewart  and Dyer (11) ob ta ined  a p a t e n t  f o r  thermal  c rack ing  of  bituminous coa l  

2, hydrogen t o  c o a l  weight r a t i o  o f  0.01 t o  0.04, water  p l u s  hydrogen p r e s s u r e  

Model1 5 g. (12) r e a c t e d  bituminous c o a l  (170-200 Ty le r  mesh) con ta in ing  

Conversion t o  gas was 8% and t o  l i q u i d  was 
The gas  contained t h e  fol lowing c o n s t i t u e n t s  

The water  d e n s i t y  a t  r e a c t i o n  c o n d i t i o n s  i s  0.12 g / cc ,  which i s  below t h e  
S u b s t a n t i a l  hydrogen gen- 

Hydrogen 

Molybdate was more e f f e c t i v e  w i t h  CO than with H2 

The benzene-insoluble  m a t e r i a l  ranged from 35 t o  47 w t  % (pre-  

Ross and Nguyen (14) r epor t ed  t h a t ,  i n  c o a l  l i q u i f a c t i o n  i n  aqueous suspensions 

Very high y i e l d  o f  benzene s o l u b l e s  was ob ta ined  when t h e  i n i t i a l  pH was 
Addit ion of  potassium formate al lowed high l i q u i f a c t i o n  y i e l d  
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EXPERIMENTAL PROCEDURES 

The appa ra tus  used f o r  performing t h e  c o a l  l i q u i f a c t i o n s  i s  shown i n  Figure 1. 
The r e a c t o r  has  a volume o f  3850 c c ,  i s  cons t ruc t ed  o f  316 s t a i n l e s s  s t e e l ,  has a 
magnet ical ly  d r i v e n  s t i r r e r ,  c o n t a i n s  a baske t  t o  hold g r a n u l a r  c o a l ,  i s  heated 
by a t h e r m o s t a t i c a l l y  c o n t r o l l e d  h e a t i n g  j a c k e t ,  and has  a coo l ing  c o i l  f o r  shu t -  
down. Af t e r  a d d i t i o n  of c o a l ,  w a t e r ,  and c a t a l y s t ,  t h e  r e a c t o r  was assembled and 
purged with argon.  Hydrogen and /o r  carbon monoxide was then  added t o  t h e  des i r ed  
i n i t i a l  p a r t i a l  p r e s s u r e .  

temperature .  Add i t iona l  hydrogen was added i n  l a t t e r  runs  us ing  a compressor. The 
r e a c t i o n  p roduc t s  were then  d i s t i l l e d  from t h e  ho t  r e a c t o r  i n t o  a 4 . 5 5 - l i t e r  p re s -  
s u r e  ves se l  wrapped with a c o o l i n g  c o i l .  
s epa ra t ed  i n  t h i s  r e c e i v e r .  The g a s  was removed through a gas. meter t o  a ven t .  
Samples of  t h e  gas  were c o l l e c t e d  i n  8070 c c  evacuated s t a i n l e s s  s t e e l  v e s s e l s .  
The r e a c t o r  was t h e n  cooled and disassembled t o  r ecove r  t h e  c o a l  r e s i d u e  i n  t h e  
baske t  and t h e  f i n e s  and c a t a l y s t  r e s i d u e  i n  t h e  bottom o f  t h e  r e a c t o r .  

The gas  sample v e s s e l s  were equipped with h e a t i n g  j a c k e t s  t o  provide add i t iona l  
p o s i t i v e  p r e s s u r e  f o r  sample r ecove ry  du r ing  a n a l y s i s .  
determined wi th  an Orsa t  a n a l y z e r .  
thermal  conduc t iv i ty  d e t e c t o r  was used t o  ana lyze  t h e  product  gas  f o r  most of  i t s  
o t h e r  c o n s t i t u e n t s .  A SA molecu la r  s i e v e  column a t  373 K was used t o  analyze f o r  
argon (purge g a s ) ,  carbon monoxide, and methane. I n j e c t i o n s  o f  pu re  methane were 
used f o r  c a l i b r a t i o n .  
f o r  carbon d iox ide  and C 2  t o  Cg hydrocarbons.  
f o r  c a l i b r a t i o n .  
u e n t .  
a c i d  s o l u t i o n  t o  r ecove r  t h e  ammonia, r e l e a s i n g  t h e  ammonia by i n c r e a s i n g  t h e  pH 
t o  1 2 +  and ho t  s t r i p p i n g  t h e  s o l u t i o n  with n i t r o g e n  gas ,  t r a p p i n g  t h e  ammonia from 
t h e  n i t rogen  s t r i p p i n g  gas  w i t h  s t anda rd ized  hydroch lo r i c  a c i d  s o l u t i o n ,  and back- 
t i t r a t i n g  t h e  a c i d  s o l u t i o n  w i t h  s t anda rd ized  sodium hydroxide s o l u t i o n  t o  a ptl 
of 5 .  
method (ASTM D2385-66). 

aqueous l aye r .  
t r a c t i o n  using paper  th imbles  w i t h  first n-pentane,  t h e n  benzene, and f i n a l l y  py r id ine  
us ing  a procedure desc r ibed  by Furman (15). 
determine t h e  o i l ,  a spha l t ene ,  and p reaspha l t ene  c o n t e n t s ,  r e s p e c t i v e l y .  The aqueous 
s o l u b l e s  were concen t r a t ed  by d i s t i l l a t i o n  o f  t h e  aqueous l a y e r .  
(CHNS) were performed on t h e  c o a l  c h a r s  u s ing  a furnace-gas  chromatograph ana lyze r .  
An atomic abso rp t ion  spectrophotometer  was used t o  ana lyze  t h e  l i q u i d  and s o l i d  
samples for  c a t a l y s t  con ten t ;  t h e  samples were prepared by a sh ing  followed by 
d i g e s t i o n  i n t o  ac id .  

Ridge Nat ional  Laboratory i n  two screened s i z e s ,  3.2 mm and powdered. 
samples were s t o r e d  and t r a n s f e r r e d  i n  an argon atmosphere and were no t  d r i e d .  
mo i s tu re  content  of t h e  coa l  i s  5 .5  w t .  % and i t s  ash  con ten t  i s  12.4 (powd.) or 13.7 
(3.2 m) w t .  %. The v o l a t i l e  m a t t e r  con ten t  o f  a sample o f  I l l i n o i s  No. 6 coa l  used at 
Oak Ridge is r epor t ed  t o  be 48.1% on a moisture  and a sh  f r e e  b a s i s  (16) .  

The r e a c t o r  and i t s  c o n t e n t s  were hea ted  and maintained a t  t h e  d e s i r e d  r eac t ion  

The gaseous and l i q u i d  products  were 

The hydrogen content  was 
Gas chromatography with helium c a r r i e r  gas and 

A hexamethylphosphoramide column a t  303 K was used t o  analyze 
I n j e c t i o n s  o f  pu re  ethane were used 

R e l a t i v e  thermal  response va lues  a r e  a v a i l a b l e  f o r  each c o n s t i t -  
Ammonia was analyzed by bubb l ing  a sample of  product  gas  through hydrochlor ic  

Hydrogen s u l f i d e  was analyzed by t h e  calcium su l f a t e - iodomet r i c  t i t r a t i o n  

The d i s t i l l e d  r e a c t i o n  l i q u i d s  were decanted i n t o  an o rgan ic  l a y e r  and an 
The organ ic  l i q u i d  and coal  r e s i d u e  were analyzed by Soxhlet  ex- 

These incremental  s o l u b i l i t y  l e v e l s  

Elemental ana lyses  

I l l i n o i s  No. 6 bituminous c o a l  f o r  use i n  t h i s  s tudy  has  been provided by Oak 
The coa l  charge 

The 

OPERATING CONDITIONS 

Seven l i q u i f a c t i o n  runs  were made with I l l i n o i s  No. 6 coa l  u s ing  s u p e r c r i t i c a l  
wa te r  a s  t he  s o l v e n t  and e i t h e r  s t annous  c h l o r i d e  o r  molybdenum t r i s u l f i d e  a s  t h e  
hydrogenation c a t a l y s t .  

I t  was s l u r r i e d  
wi th  t h e  water  when powdered o r  p l aced  i n  t h e  basket  when 3 . 2  mm p a r t i c l e s  were 
employed. The c a t a l y s t  concen t r a t ion  v a r i e d  from 0.2 t o  2 .8  w t  % i n  aqueous s o l u -  
t i o n ,  o r  2.5 t o  5 .5  w t .  % o f  t h e  coa l  charged. The d i s p o s i t i o n  o f  t h e  c a t a l y s t  i s  
n o t  known a f t e r  t h e  wa te r  becomes s u p e r c r i t i c a l .  

The o p e r a t i n g  c o n d i t i o n s  a r e  given i n  Table  1. 
The coal  charge t o  t h e  3.8L v e s s e l  va r i ed  from 78 t o  488 g. 

In Runs 2 ,  3 ,  and 4 i t  remains 
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s l u r r i e d  wi th  the  powdered c o a l .  In  Runs 1, 5,  6 ,  and 7 wi th  3.2 nun Coal,  Only a 
p o r t i o n  of t h e  c a t a l y s t  i s  expec ted  t o  be  p r e c i p i t a t e d  on o r  w i t h i n  t h e  c o a l .  

co ld  p r e s s u r e s  of 2.6 t o  5 .4  MPa. 
t o t a l  p r e s s u r e  i s  inc reased  t o  22.3-34.6 MPa. The hydrogen " p a r t i a l "  p r e s s u r e  i s  
a l s o  inc reased ,  e.g.  from 4 .6  t o  6.4 MPa i n  Run 7. The water  d e n s i t y  a t  r e a c t i o n  
c o n d i t i o n s  ranged from 0 .13  t o  0.28 g/cc,  as compared t o  t h e  c r i t i c a l  d e n s i t y  o f  
water  o f  0.317 g /cc .  

main ta ined  nea r  t h e  c r i t i c a l  p o i n t  of water  was 1 .6  t o  3 .9  hours .  
and 7 t h e  product gases  and l i q u i d s  were d i s t i l l e d  s lowly  from t h e  r e a c t o r  whi le  
h o t .  In Run 2 ,  on ly  p a r t  of t h e  f l u i d s  were removed whi le  ho t .  
r e a c t i o n  mixture was cooled down be fo re  s e p a r a t i n g  t h e  phases .  
and l i q u i d s  were in s t an taneous ly  vented  when a blowout d i s k  rup tu red .  

Hydrogen was added a t  H t o  c o a l  weight r a t i o s  o f  0.011 t o  0.144, w i th  i n i t i a l  
Upon h e a t i n g  t h e  system t o  640-673 K ,  t h e  system 

The hea tup  t ime f o r  t h e  r e a c t o r  was 1.2-1.6 hours ;  t h e  t ime t h e  r e a c t a n t s  were 
In  Runs 1, 4, 5 ,  

In  Run 3,  t h e  
In  Run 6 ,  t h e  gases  

RESULTS 

Gas y i e l d s  and ana lyses  a r e  l i s t e d  i n  Table 2. Liquid and s o l i d  product  y i e l d s  
Mate r i a l  ba lance  d a t a  a r e  p re sen ted  i n  Table 4 .  

The y i e l d  of gas  removed from t h e  r e a c t o r  ranged from 2.4 t o  4.7 gmol; t h i s  gas 

and ana lyses  a r e  l i s t e d  i n  Table  3. 
Elemental  ana lyses  are g iven  i n  Table 5. 

c o n s i s t e d  o f  74-78 mole % hydrogen. 
independent a n a l y t i c a l  p rocedures  and t h e  r e s u l t s  a r e  p re sen ted  wi thout  no rma l i za t ion  
t o  i n d i c a t e  p o s s i b l e  e r r o r  range. The y i e l d  o f  gas  produced (H2, A,  N 2 ,  H20 f r e e )  
ranged from 0.1 t o  0.7 gmol. 
were 6 t o  11 g/100 g maf c o a l .  
was 45 t o  55 mole %. 
weight,  ranging  from 18 t o  30 mole % C 1  t o  2 t o  5 mole % C4 + C5. 

The carbon d iox ide  (p lus  carbon monoxide) con ten t  o f  t h e  gas  produced is q u i t e  
h igh  a t  35 t o  54 mole % (Table 2 ) .  Whether any of  t h i s  could  have been produced by 
carbon-water  r e a c t i o n ,  as c o n t r a s t e d  t o  be ing  produced by c rack ing  o f  t h e  c o a l ,  i s  
n o t  known. The amount of carbon d iox idc  (p lus  carbon monoxide) product  ranged from 
2 .7  t o  4 . 3  g/100 g undr ied  coa l  (Table 4 ) .  The oxygen con ten t  o f  t h e  carbon ox ides  
produced i s  l e s s  t han  t h e  oxygen con ten t  o f  t h e  coa l  of  10-11 w t .  % (dry ,  exc luding  
t h a t  i n  t h e  a sh ) .  

based on gas ma te r i a l  ba lance .  
f o r  Runs 5 and 7; t h e  hydrogen d isappearance  was 0.28-1.9 g/lOO g undr ied  c o a l ,  
o r  0.35-2.3 g/100 g maf c o a l ,  r e s p e c t i v e l y .  Hydrogen consumption was h ighe r  i n  
Run 7 than  i n  Run 5 because r e a c t i o n  tempera ture  and hydrogen p a r t i a l  p r e s s u r e  were 
h ighe r .  A hydrogen ba lance  f o r  Run 5 us ing  t h e  ana lyses  i n  Tables 2 ,  4,  and 5 g ives  
4.57 g H i n  and 4 .23  g H o u t  p e r  100 g undr ied  c o a l ,  which i s  wi th in  7% of t h e  above 
va lue  based on hydrogen ana lyses .  

l i q u i f a c t i o n  of I l l i n o i s  No. 6 coa l  i n  t h e  presence  o f  wa te r ,  Na2Mo04 o r  KOH c a t a l y s t ,  
and CO r educ tan t  a t  673OK and 4 .9  MPa charge  p r e s s u r e  wi th  a 20 minute r e a c t i o n  t ime. 
They r e p o r t  lower hydrogen uptake  wi th  Na2MoOq and H2 r e d u c t a n t .  
i n  t h e  p r e s e n t  work a r e  comparable t o  t h e i r  d a t a .  

s o l i d  r e s i d u e  i n  Table  3 are a d j u s t e d  t o  a common c o a l  weight b a s i s  i n  Table 4 .  
aqueous products  con ta ined  s o l u b l e  material s e p a r a b l e  by d i s t i l l a t i o n .  
up t o  2 %  o f  t h e  coa l  charge.  
i n  an o rgan ic  l a y e r  from a s imple  r e d i s t i l l a t i o n  of  t h e  aqueous product .  
i-eniaining so lub le  m a t e r i a l  i n  t h e  r e d i s t i l l a t i o n  of  t h e  aqueous phase i s  c o l l e c t e d  a s  
a s o l i d  r e s idue .  
wi th  t h e  c o a l  and 425 g ou t  i n  gaseous ,  aqueous, and o rgan ic  p roduc t s ,  p e r  100 g 
undr i ed  c o a l ,  which ag ree  by 1 %. 
with  t h e  aqueous product  from t h e  s u p e r c r i t i c a l  d i s t i l l a t i o n s .  In Runs 2 and 3 i n  
which t h e  coa l  cha r  and water  product  were cooled  t o g e t h e r ,  i t  was assumed t h a t  most 
of t h e  c a t a l y s t  e x t r a c t e d  i n t o  t h e  water phase i n  computing t h e  material ba lances ;  

The t o t a l  gas  ana lyses  i n  Table  2 are based on 

On a moi s tu re  and a sh  f r e e  b a s i s  t h e  gas  y i e l d  va lues  
The C 1  t o  Cg hydrocarbon con ten t  o f  t h e  produced gas 

The y i e l d  o f  hydrocarbon decreased  wi th  i n c r e a s i n g  molecular  

The n e t  hydrogen d isappearance  p e r  u n i t  mass o f  c o a l  is r epor t ed  i n  Table 4,  
The b e s t  gas  phase m a t e r i a l  ba lances  r epor t ed  a r e  

Ross e t  a l .  (13) r e p o r t e d  hydrogen up takes  o f  1.1 t o  1 .3  g/lOO g d r i e d  c o a l  i n  

Hydrogen uptakes  

The d i s t r i b u t i o n  o f  product  y i e l d s  between aqueous l i q u i d ,  o rgan ic  l i q u i d ,  and 
The 

In Run 4 ,  1% o f  t h e  c o a l  charge  was c o l l e c t e d  overhead 
This  represented  

Some of the  

A water ba lance  f o r  Run 5 g i v e s  430 g H20  i n  a s  water charge  and 

Neg l ig ib l e  c a t a l y s t  ( < l o  ppm) was e n t r a i n e d  overhead 
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however, Ross e t  a l .  (13) found evidence t h a t  much of  t h e  molybdenum remains in,the 
coal  phase wi th  t h i s  t y p e  o f  product  recovery.  

aqueous p roduc t ,  recovered by r e d i s t i l l a t i o n  of  t h e  aqueous p roduc t ,  scraped from t h e  
r e a c t o r  and r e c e i v e r  wa l l s ,  and recovered by d i s t i l l a t i o n  o f  ace tone  used t o  wash t h e  
v e s s e l s .  The composite " l i qu id"  r anges  from semiso l id  a t  room temperature  f o r  runs 
with l o w  hydrogen uptake t o  lube  o i l  cons i s t ency  w i t h  inc reased  hydrogen uptake.  The 
y i e l d  ranged from 11 t o  25 g/lOO g undried c o a l ,  o r  13  t o  31 g/100 g maf c o a l ,  with 
t h e  higher  v a l u e  corresponding t o  t h e  h i g h e r  hydrogenat ion s e v e r i t y  o f  Run 7. 
o rgan ic  l i q u i d  decanted from t h e  aqueous product  i n  Runs 4 and 5 contained 71-74 w t .  % 
o i l ,  23-27 w t .  % aspha l thenes ,  and 1 -3  w t .  % preaspha l thenes  f o r  t o t a l s  o f  98-100 
w t .  % as  determined by incremental  s o l u b i l i t y  i n  pen tane ,  benzene, and py r id ine ,  r e s -  
p e c t i v e l y .  The o i l  con ten t  was inc reased  t o  87 w t .  % i n  Run 7,  w i th  t h e  remainder o f  
t h e  m a t e r i a l  being s o l u b l e  i n  benzene. In  Run 3 where t h e  o rgan ic  m a t e r i a l  was not 
sub jec t ed  t o  s u p e r c r i t i c a l  d i s t i l l a t i o n  but  simply decan ted  from t h e  cooled r eac to r  
product ,  t h e  t o t a l  s o l u b l e s  i n  benzene (which i n c l u d e s  pentane s o l u b l e s )  i s  lower a t  
43 w t .  %; t h i s  i s  probably due t o  t h e  entrainment  o f  s o l i d  f i n e s  i n t o  t h e  organic  l a y e r .  
The c a p a b i l i t y  o f  s u p e r c r i t i c a l  water  f o r  removal o f  o i l  and a spha l thenes  by v o l a t i l i -  
z a t i o n  from coa l  cha r  i s  demonstrated by t h e s e  r e s u l t s .  

The coa l  c h a r  p roduc t s  ranged from agglomerated hard p i l e s  when us ing  powdered 
c o a l  feed t o  f r i a b l e  porous d i s k s  when us ing  3.2 nun c o a l  i n  t h e  baske t .  
f i n e s  ( inc lud ing  c a t a l y s t )  recovered from t h e  bottom o f  t h e  r e a c t o r  when us ing  t h e  
3.2 nun coal  i n  t h e  baske t  r ep resen ted  4 t o  13 w t .  % o f  t h e  s o l i d  product .  
cha r  from t h e  baske t  i n  Run 5 ,  from which t h e  coa l  t a r  had been removed by s u p e r c r i t i c a l  
water  d i s t i l l a t i o n ,  con ta ined  1 w t .  % o i l ,  2 w t .  % a s p h a l t e n e s ,  and 1 2  w t .  % preasphal-  
t e n e s .  
c r i t i c a l  p o i n t ,  t h e  o i l ,  a spha l t ene ,  and p reaspha l t ene  c o n t e n t s  i nc reased  t o  2 ,  8, and 
23 w t .  %, r e s p e c t i v e l y .  The agglomerated coa l  r e s i d u e  from t h e  d i s t i l l a t i o n  i n  Run 4 
i n  which powdered coa l  was used con ta ined  more o i l  (6 w t .  % pentane s o l u b l e s )  than 
i n  Run 5. Th i s  was r e t a i n e d  p robab ly  due t o  d i f f i c u l t y  i n  mass t r a n s f e r  from the l a r g e  
s o l i d i f i e d  d i s k  o f  cha r .  The s o l i d s  p roduc t s  from which t h e  t a r s  were n o t  removed, o r  
incompletely removed, while  hot  con ta ined  20-21 w t .  % m a t e r i a l  s o l u b l e  i n  benzene o r  
ace tone  (Runs 2 and 3 ) .  These d a t a  show t h a t  s u p e r c r i t i c a l  water  e x t r a c t i o n  and d i s -  
t i l l a t i o n  p rov ides  q u a n t i t a t i v e  removal o f  o i l  and a s p h a l t e n e s  from c o a l  cha r .  

The y i e l d s  of coa l  c h a r  (minus c a t a l y s t )  ranged from 65-81 g/lOO g undried coal 
w i th  incomplete s u p e r c r i t i c a l  d i s t i l l a t i o n  removal o f  t a r  t o  l e s s  t h a n  61 g/lOO g undried 
c o a l  with complete s u p e r c r i t i c a l  d i s t i l l a t i o n  removal o f  t a r .  The y i e l d  of  cha r  i n  Run 
7 would have been reduced from 51 t o  47 g/lOO g had more water  c l o s e r  t o  s u p e r c r i t i c a l  
d e n s i t y  been a v a i l a b l e  f o r  d i s t i l l a t i o n  recovery of  t a r s  from it. When t h e  cha r  y i e l d  
i s  added t o  t h e  y i e l d  o f  gas  and l i q u i d ,  and a d j u s t e d  f o r  t h e  water  and hydrogen ma te r i a l  
ba l ances ,  t h e  sum of t h e  y i e l d s  i n  Tab le  4 should equal  100. In Run 5 ,  t h e  y i e l d  sum- 
mation i s  86 g/lOO g undried c o a l ,  so 14% or 33 g o f  product  i s  n o t  accounted f o r .  In 
Run 7,  t h e  y i e l d  summation i s  92 g/100 g undried c o a l ,  so 8% o r  17 g of  product  i s  not  
accounted f o r .  Most o f  t h e  missing m a t e r i a l  i s  probably i n  t h e  gas and l i q u i d  y i e l d s .  
Using t h e  moi s tu re  and a sh  a n a l y s e s  i n  Table  5 ,  t h e  y i e l d  of  cha r  i n  Run 5 of  61 g 
undried char  p e r  100 g undried c o a l  becomes 61 g of  maf c h a r  pe r  100 g of  ma€ coa l .  

Based on minimizing t h e  y i e l d s  o f  c o a l  c h a r ,  s tannous c h l o r i d e  and molybdenum 
t r i s u l f i d e  appear  t o  be e q u a l l y  e f f e c t i v e  i n  g a s i f y i n g  and l i q u i f y i n g  coa l  (compare 
Runs 1 and 5 ) .  
conversely i n c r e a s e s  t h e  y i e l d  of  gas and l i q u i d  (compare Runs 5 and 7 ) .  

The concen t r a t ion  of  molybdenum recovered with t h e  f i n e s  i n  t h e  s u p e r c r i t i c a l  
d i s t i l l a t i o n  r e s i d u e  of Run 5 i s  q u i t e  high a t  13 .5  w t .  %, i n d i c a t i n g  a technique 
f o r  c a t a l y s t  r e c y c l e .  
i n  t h e  coal  cha r  i n  t h e  baske t .  The c o n c e n t r a t i o n  l e v e l  of 1 . 5  w t .  % i s  on t h e  same 
o r d e r  a s  t h a t  used i n  t h e  t e s t s  r e p o r t e d  by Weller (10) .  
w i l l  be e f f e c t i v e  a t  much lower concen t r a t ions .  Back e x t r a c t i o n  i n t o  a c i d i f i e d  water 
is one means o f  r ecove r ing  t h e  c a t a l y s t  f o r  r e c y c l e .  

t h e  3.7 w t .  '% i n  t h e  feed c o a l .  
(3 .6  w t .  %I than t h e  feed.  

The m a t e r i a l  l i s t e d  a s  o r g a n i c  " l iqu id"  product  i nc ludes  t h a t  decanted from t h e  

The 

The amount o f  

The coal 

In  Run 7 with t h e  water  d e n s i t y  on ly  41% o f  t h e  d e n s i t y  a t  t h e  thermodynamic 

Inc reas ing  t h e  hydrogen p a r t i a l  p r e s s u r e  dec reases  t h e  cha r  y i e l d  and 

A molybdenum ba lance  shows t h a t  20% o f  t h a t  charged remained 

I t  i s  l i k e l y  t h a t  t h e  c a t a l y s t  

The coal  t a r  produced i n  Run 5 h a s  a s u l f u r  con ten t  of  1 . 7  w t .  %, reduced from 
The c h a r  has  on ly  a s l i g h t l y  lower s u l f u r  con ten t  

The coal  l i q u i d  produced i n  Run 7 has a v i s c o s i t y  o f  
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5 . 3  X 

range  a s  SAE 70 lube  o i l .  The C / H  r a t i o  o f  t h e  t a r  i n  Run 5 i s  1.1. 
m2/S a t  310.9'K (530 cS t  a t  100°F),  which p l a c e s  it i n  t h e  same v i s c o s i t y  

COMPARISON TO LITERATURE DATA 

I n  t h e  p re sen t  work, on a mois ture  and a sh  f r e e  b a s i s  t h e  y i e l d  o f  gas and l i q u i d  
i s  54 w t .  % and t h e  y i e l d  of c h a r  is 46 w t .  % f o r  t he  gasification/liquifaction o f  
I l l i n o i s  No. 6 coa l  wi th  MoS3 i n  s u p e r c r i t i c a l  water a t  670°K, 4 .6  MPa hydrogen co ld  
charge p r e s s u r e ,  and 30.4 MPa t o t a l  p r e s s u r e  (Run 7 ) .  
w t .  % maf v o l a t i l e  con ten t  o f  t h e  coal.  

Batch l i q u i f a c t i o n  exper iments  performed a t  Oak Ridge Na t iona l  Labora tory  (16) 
on e x t r a c t i o n  o f  I l l i n o i s  No. 6 c o a l  i n t o  s u p e r c r i t i c a l  t o l u e n e  wi th  KOH or NaOH 
c a t a l y s t  and without hydrogen i n  2 hours  a t  614-616OK and 23.9-27.3 MPa y ie lded  43  
w t .  % gas and l i q u i d ,  maf b a s i s .  
p re sen t  work. 

Na~Mo04, 4.9 MPa CO charge  p res su re ,  and 673'K, t h e  t o t a l  y i e l d s  o f  benzene s o l u b l e  
ma te r i a l  and benzene i n s o l u b l e  m a t e r i a l  were 51  and 35% maf, r e s p e c t i v e l y .  With H2 
gas  i n s t e a d  of C O ,  t h e  cor responding  y i e l d s  were 38 and 47%. 
i n s o l u b l e  ma te r i a l  i n  t h e  p r e s e n t  s tudy  i s  45 w t .  % maf wi th  a co ld  hydrogen p r e s s u r e  
o f  2.6-3.5 MPa (Run 5 )  and 39 w t .  % maf wi th  a co ld  hydrogen p r e s s u r e  o f  3.5-4.6 MPa 
(Run 7) .  

gen/carbon monoxide reducing  gas ,  and s u p e r c r i t i c a l  d i s t i l l a t i o n  t o  s e p a r a t e  l i q u i d  
product from s o l i d  product  can provide  an a t t r a c t i v e  product  slate and dese rves  t o  
be s tud ied  f u r t h e r .  

Th i s  can  be compared t o  t h e  48 

This  i s  t h e  same a s  t h a t  a t t a i n e d  i n  Run 5 i n  t h e  

In c o a l  l i q u i f a c t i o n s  o f  I l l i n o i s  No. 6 c o a l  by Ross e t  a l .  (13) u s ing  wa te r ,  

The y i e l d  o f  benzene 

These d a t a  a r e  comparable. 
In  conclus ion ,  coa l  l i q u i f a c t i o n  wi th  wa te r - so lub le  impregnated c a t a l y s t ,  hydro- 
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FIG, 1. APPARATUS FOR COAL HYDROGENATION AND DISTILLATION 

Table 1 

O p r a t i n g  C o n d i t i o n s  f o r  l lydrogennt ion  of l l l x n o i s  No. 6 Coal wi th  C a t a l y s t  
O i m o I v e d  i n  Water i n  a 3 . 8 l  S t a i n l e s s  Steel  Reactor 

~ 

Run 1 2 3 4 5 6 7 

cnrn1yrt 

Coal s i z e  

Charge, g 

Coal [not d r i e d ]  

water 

C a t a l y s t  

Hydrogen 

Temperature, * X  

PI.*S"rO* MPa 

Hydrogen pressure. MPa 

I n i t i a l  ( c o l d ]  
F i n a l  (hot. p a r t i a l  PI 

Water d e n s i t y .  g l c c  
lieatup time. h r  
t g u i l .  time. hr 

O i i t i l l a t i m  

t__ S"C12 - +--Mos3 - 
3.2 mm f- Powdered -----L + 3 . 2  mm - 

77.8  8 9 . 0  488 235 .5  225.6 212.3 1 4 6 . 9  

997 997 944 1000 1000 900 480 

10.0 2 . 0  8.5 28.5 10.0 9 . 0  10.0 

6 . 2  9.4 12.8 >5 .6  5.2-7.1s 9.5-12.2' 

645-bS8 640-655 640-647 644-663 643-667 643-660 664-673 

23 .3-31 .2  22 .3-28 .8  24 .0-34 .2  25 .0-34 .3  28.0-34.6 27.7-33.6 29 .0-31 .3  

2 . 7  4 . 1  5.4 2.8 2.6-3.5' 4 . 2  3.5-6.6' 

0 . 2 6 7  0 , 2 6 3  0 . 2 5 0  <0 .288 0 . 2 7 3  0.245 0 .130  
1 . 4  1 . 3  1 .4  1 . 2  1 . 4  1.2 1 . 6  
2 . 0  1 . 6  2 .1  3.9 2.0  2 . 3  3 . 5  

5.5 b.4 

S l D V  P a r t i a l  None Slow Slow Instant Slav 
Hot Hot l l o t  Hot Hot Hot 

FlaJh  

h d d l t i o n a l  hydrogen added d u r i n g  run 
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I' 
I 

Table 2 .  Gas Yie lds  and Analyses f o r  Hydrogenation of  I l l i n o i s  No. 6 Coal 
With S u p e r c r i t i c a l  Water and Soluble  C a t a l y s t  

Run 2 .  4 5 7 
To ta l  Gas 

Yie ld ,  gmol >2.4 >4.45 3.57 4.75 

Mol % A, N 2 ,  H20  10 .0  11 .9  2 2 . 1  11.5 

Mole % H2S, NH3 _ _ _ -  _ _ _ _  0.6 1.1 

g >14.8 >45.2 44.1 44.5 
Mol % H2 77.4 76.0 73.5 78 .1  

Mole % Carbonaceous Gas 3.9 15.1 8 .5  10 .3  

I 
Gas Produced 

(H2, A, N 2 .  1.120 f r e e )  
Yie ld ,  gmol >0 .11  >0 .72  0.380 0.589 

1 
g 

Ana lys i s ,  mol % 
co 
co 
HgS, Mercaptan 

Hydrocarbon 
NH3 

c1 
I 

>4.0 >21.9 13.7 19 .6  

1 .6  0.0 0 . 0  0 .0  
53 .6  40.7 42.1 35.4 
_ _ _ _  - - - -  >0.4  4 .0  
_ _ _ _  _ _ _ _  6.2  5 .9  

23.9 30.2 18.2 26.5 
11 .0  16.1 14.2 14.2 
6 . 7  8.8 13.2 11 .6  
3 .2  4.2 5 .6  2.4 

\ 

Table 3. Liquid and S o l i d  Yie lds  and Analyses f o r  Hydrogenation o f  I l l i n o i s  No. 6 
Coal With S u p e r c r i t i c a l  Water and So lub le  C a t a l y s t  

Run 1 2 3 4 5 6 7 
Aqueous Product 

Yie ld ,  g _ _ _  - - -  939 976 1002 - - -  500 
6d 5 _ _ -  0.4  So lub le s  con ten t ,  g - - - - - - - - - 

Organic Liquida,  b 
Yie ld ,  g _ _ _  16' 2Sc 55e 42 - - -  53  
Pentane So luh le s ,  w t .  % - - _  3 - - -  74f 71f - - -  87 
Benzene so lub le s ,  w t .  % 70f 29 43 23 27 - - -  12 

0 1 _ _ _  3 P y r i d i n e  s o l u b l e s .  w t .  % - - - - - - - - - 
S o l i d  Productb 

Yie ld ,  I! 95 53 72 344 155 145 118 . -  
6 1 

6 12 

Pentane so luh le s ,  w t .  % - - - - - - - - - 
Benzene s o l u h l e s ,  w t .  % 5 2 1  20g 2 2 
Pyr id ine  s o l u b l e s ,  w t .  % - - - - - - - - - 

2 
8 

23  

aThe y i e l d  inc ludes  t a r  decanted  from aqueous d i s t i l l a t e  and r e s i d u e  recovered  from 

bThe benzene s o l u b l e s  i n  Runs 1, 2 ,  and 3 inc lude  pentane  s o l u b l e s ,  determined 

ace tone  wash o f  walls. 

us ing  Soxhle t  e x t r a c t i o n  wi th  Gooch c r u c i b l e s  and a s b e s t o s  mats .  The s o l u b l e s  i n  
Runs 4-7 were determined us ing  Soxhle t  e x t r a c t i o n  wi th  pape r  t h imbles ,  and t h e  
pe rcen tages  l i s t e d  a r e  t h e  incrementa l  s o l u b i l i t i e s  i n  each s o l v e n t .  

' Includes aqueous s o l u b l e s  and probably  c a t a l y s t .  

d V o l a t i l e  aqueous s o l u b l e s  r e s i d u e .  

e Inc ludes  aqueous s o l u b l e s  r e s i d u e .  

f h a l y s i s  o f  decanted  t a r  only .  

gAcetone s o l u b l e s .  
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Table 4. M a t e r i a l  Balance i n  L i q u i f a c t i o n  Experiments 

Basis :  g/lOO g coa l  (not  d r i e d )  

Run 1 2 3 4 5 6 7 

H i n  4 .2  12 14 1 .2 -1 .6  3 . 0  - - -  5 . 8  2 
H2 o u t  - - -  >5 - - -  >1 .6  2.7 --- 3.9 

H2 n e t  _ _ -  >-7  - - -  >+o.o  -0.3 - - -  -1 .9 

C02 (+CO) produced - - _  >3  --- >2.7 3.0 --- 4.3 

H 0 i n  - - -  1281 1061 205 425 399 226 

Aqueous ou ta  _ _ _  _ _ -  >lo55 >199 424 --- 235 

9 

_-_  18' 19' 11 20 --- 25 

2 

Gas Product _ _ -  5 -_-  >4 6 _ _ _  
b Organic l i q u i d  product  

S o l i d  product (minus c a t a l y s t )  58 68 81 65 61 60 51 

- - -  >74 87 --- 92 ( i n  - o u t )  - _ _  _ _ -  

a Includes wa te r  con ten t  of gas.  Organic d i s t i l l a t e  and r e s i d u e  recovered from 
d i s t i l l a t i o n  o f  aqueous product  a r e  included under o rgan ic  l i q u i d  product .  

a Includes r e s i d u e  recovered from ace tone  wash of wa l l s .  

Minus c a t a l y s t .  

Table  5.  Ult imate  Analyses f o r  L i q u i f a c t i o n  Experiments 

Feed Run 5 Run 5 Run 5 
Sample Coal Tar  Char Fines  

Moisture ,  w t .  % 5.5  0.99 

Ash, i nc ludes  Mo, w t .  % 13.7 18.8 35.8 

Dry Basis ,  w t .  % 
Carbon 
Hydrogen 
Nitrogen 
S u l f u r  
Molybdenum 

66.Za 81.6b 65.6 
4.54 7.67 3.53 
1.18 1.09 1.20 
3.74 1.71 3.64 b 1 . 5  13.5 --- 

a Analysis  of  powdered coa l  

Analysis  n o t  d ry  b a s i s  
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A STATISTICAL METIIGD OF DESIGNING A CATALYST TO UPGRADE SOLVENT 
REFINED COAL * 
By An-Gong Yeh, Lloyd Berg,  . F. P. M c c a n d l e s s ,  D e p a r t m e n t  o f  
Chemica l  E n g i n e e r i n g ,  Montana S c a t e  U n i v e r s i t y ,  Bozeman, Montana.  

INTRODUCT 1% 

Coal , l i q u i d s  f rom SRc-11 p r o c e s s  c o n t a i n  much h i g h e r  s u l f u r  a n d  
n i t r o g e n  t h a n  t h e  p r o d u c t s  d e r i v e d  f rom p e t r o l e u m  a n d  n e e d  t o  b e  
upgraded  t o  o f f e r  t h e  p o t e n t i a l  o f  s u b s t i t u t i n g  f o r  c r u d e  o i l .  
A number o f  i n v e s t . i g a t n r s  h a v e  r e p o r t e d  o n  t h e  u s e  o f  e i t h e r  
c o m m c r c i a l l y  a v a i l a b l e  o r  p r o p r i e t o r y  c a t a l y s t s  f o r  t h i s  u p g r a d i n g .  
B e r g ( 1 )  i n v e s t i g a t e d  more t h a n  f i f t y  d i f f e r e n t  h y d r o t r e a t i n g  c a t a l y s t s  

. -wi t ) )  SRC-11. S u l l i v a n  ( 2 )  t r e a t e d  SRC-I1 w i t h  some o f  C h e v r o n ' s  
h y d r o t r e a t i n g  c a t a l y s t s .  Heck(3)  r e p o r t e d  t h e  u s e  o f  M o b i l  O i l  
c a t a l y s t s  on SRC-11. R i e d l ( 4 )  showed t h e  e f f e c t i v e n e s s  o f  f l u i d  
c r a c k i n g  c a t a l y s t s  i n  u p q r a d i n g  SRC-11. 

T h e  o b j e c t i v e  o f  t h i s  r e s e a r c h  w a s  t o  upg.rade t h e  s o l v e n t  r e f i n e d  
coal f rom P i t t s b u r g  & Midway C o a l  K i n i n g  C o n p a n y ' s  SRC-I1 p r o c e s s  
i n t o  c l e a n  d i s t i l l a t e  f u e l s  s u i t a b l e  f o r  t r a n s p o r t a t i o n  g r a d e  f u e l s .  
One way t o  a c c o m p l i s h  t h i s  would b e  t o  make it a c c e p t a b l e  a s  a 
f e e d s t o c k  for  a c o n v e n t i o n a l  p e t r o l e u m  r e f i n e r y .  T h e  a n a l y s i s  o f  
SRC-I1 p r o d u c t s ,  Vacuum F l a s h  Feed(VFF) a n d  L i g h t  Ends  Colum Feed(LECF) ,  
are g i v e n  i n  T a b l e  I .  The  m a i o r  h k n d i c a p  possessel by t h e s e  SRC-I1 
p r a 3 x t s  as a ref inery f e e d s t x k  are t h e i r  nitrogen content ,  1.17 wt% for W'F 
and  0 .88  v!t% f o r  LECF. They  s h o u l d  b e  r e d u c e d  to  a s  low a s  p o s s i b l e  
i n  any  e v e n t  a t  l e a s t  t o  less t h a n  0 . 3 . w t % .  Examples  o f  h y d r o c r a c k i n g  
p r o c e s s e s  t h a t  c a n  t o l e r a t e  t h i s  l e v e l  of n i t r o g e n  are S t a n d a r d  o i l ' s  
U l t r a c r a c k i n g  a n d  Union O i l ' s  Unicrac ' : ing (5)  . T h e i r  s u l f u r  c o n t e n t s ,  
0 .72  wt8 and 1.21 w t % ,  a l so  shoulU b e  l o w e r e d  t o  m e e t  t h e  EPA's s t a n d a r d  
which is  c u r r e n t l y  0 . 5  w t % .  

I n  t h i s  r e s e a r c h  SRC-I1 VFF and  LECF h a v e  been  c o n v e r t e d  i n t o  low 
n i t r o g e n  and  l o w  s u l f u r  c o n t e n t s  c i l s  by t h e  c a t a l y t i c  h y d r o t r e a t m e n t  
c a r r i e d  o u t  i n  a t r i c k l e  bed  r e a c t o r .  T h e  e f f e c t  o f  c a t a l y t i c  compo- 
s i t i o n s  were s y s t e m a t i c a l l y  i n v e s t i g a t e d  throucjh t h e  f a c t o r i a l  e x p e r i -  
m e n t a l  d e s i g n  which i n c l u d e d  f o u r  m e t a l s ,  C o ,  N O ,  N i ,  a n d  W ,  a s  
v a r i a b l e s  a n d  two l e v e l s  f o r  e a c h  m e t . 3 1 .  The  m o s t  p r o m i s h g  c a t a l y s t  
was f u r t h e r  t e s t e d  . by a l o n g  r u n ,  t h r o u g , i  ; s e r i o d i c  r e g e n e r a t . i o n  a n d  t h e  
c a t a l y s t  d e a c t i v a t i o n - w a s  m o d e r a t e d  by s t a r t i n g  a t  a h i g h e r  s p a c e  v e l o -  
c i t y  and  a lower t e m p e r a t u r e .  

EXPERIMENTAL 

C a t a l y s t s  were made by i m p r c g n a c i n g  a commerical c a t a l y s t  carrier wj.th 
m c t a l  s a 1 . t ~  u s i n g  the i n c i p i m t  w e t n e s s  t s c h n j q u c .  O n l y  o n e .  c a t a l y s t  
carrier,  Nnlco-6008C-1/32", o b t a i n e d  from. Na1.co Company, was u s e d .  I t  
j.s coyposed  o f  9 8 8  A 1 2 0 3  a n d  2 %  S i 0  
215 m /gram, a n  a v c r a y e  pore d i n m e t g r  o f  1 5 6 . 5  8 ,  a mcdium pore 
d i a m e t e r  o f  161 2, a n d  a p o r e  volumc o f  0 .84  nil/grnm. 
were loadcd on t h e  s u p p o r t  i n  t h e  o r d e r  o f  C o ,  Mo, N i ,  and  W by 
u s i n g  t h e  w a t e r  s o l u t i o n  of C o ( 1 W 3 )  .GII ,G,  ( N I I  ) M o - 0  .411 0, 
N i  (No3) 7.. G I I ~ O ,  ant1 5 (N114) %o. 1 2 \ 4 0  . 76  0, ' r c s p e c ~ i ~ e l : . 2 4 , ~ l i e 2 c ~ t a l y ~ t s  
werc prct .1  cated by c a l c i n i n g  a t  35Ooz a n d  t h e  c a t a l y s t  c o m p o s i t i o n s  
were r c p o r t c d  a s  t h e  w c i g h t  p c r c c n t s  of m e t a l  o x i d c s  w h i c l ~  w c r c  the 
p c r c c n t  w e i g h t  i n c r c a s c  a f t c r  i m p r c g n n t i . o n  of t h c  b l a n k  c a h l y s t  
c a r r i c r .  

a n d  p o s s e s s e s  a s u r f a c e  a r e a  of 

F o u r  metn1.s 

* 
P r e s e n t  a d d r e s s :  .E-I.duPoi;t de Nenlours & co . .  p~, i ladc lPhia ,  pII. 63 



T h e  e v a l u a t i o n  o f  t h e  c a t a l y s t s  was c a r r i e d  o u t  i n  a down-flow t r i c k l e  
bed  r e a c t o r  shown i n  F i T u r e  1. T h e  f r e s h l y  p r e p a r e d  c a t a l y s t s  were  
s u l f i d e d  w i t h  10% H2S i n  a h y d r o g e n  m i x t u r e  for 1 2  h o u r s  a t  325OC. 
T h e  r e a c t o r  was made by a 2.54 c m ( o n e - i n c h )  I D  a n d  1.1 m e t e r ( 4 0 - i n c h )  
l o n g  S c h e d u l e  80 I n c o n e l  p i p e .  A o n e  m e t e r ( 3 6 - i n c h )  S t a i n l e s s  S t e e l  
tubin-g w a s  i n s e r t e d  . c e n t r a l l y  in t h e  r e a c t o r  a n d  s e r v e d  as  t h e  thermo- 
w e l l .  T h e  r e a c t o r  was p l a c e d  i n t o  a 36 c m ( 3  f ee t )  l o n g  aluminum b l o c k  
a n d  h e a t e d  by t h r e e  s e t s  o f  Nichrome w i r e  h e a t i n g  co i l s  o n  t h e  aluminum 
b l o c k .  T h e  reactor was&end& 1 0  c m ( 4 - i n c h )  o u t s i d e  t h e  t o p  o f  
aluminum b l o c k  t o  p r o v i d e  t h e  s u f f i c i e n t  p r e h e a t i n g .  S t a r t i n g  from t h e  
top, '  t h e  r e a c t o r  was p a c k e d  w i t h  175  m l  o f  0 .635 c m ( l / 4 - i n c h )  Dens tone  
i n e r t  s u p p o r t ,  f o l l o w e d  by 25 ml o f  0 .32  c m ( l / 8 - i n c h )  D e n s t o n e  i n e r t  
s u p p o r t  t o  s e r v e . a s  t h e  p r e h e a t i n g  s e c t i o n .  T h e  s i x t y  m i l l i l i t e r s  of 
c a t a l y s t  mixed w i t h  60  m l  o f  0 .32 c m  i n e r t  s u p p o r t  was l o a d e d  i n t o  
c a t a l y s t  s e c t i o n .  The  r e m a i n i n g  s p a c e  a t  t h e  b o t t o m  o f  t h e  reactor 
w a s  f i l l e d  w i t h  0.32 c m  D e n s t o n e  i n e r t  s u p p o r t .  O p e r a t i n g  c o n d i t i o n s  
were k e p t  r e l a t i v e l y  m i l d  b e c a u s e  i t  w a s  t h e  a i m  o f  t h i s  p r o g r a m  t o  
d e v e l o p  a p r o c e s s  which  would be e c o n o m i c a l l y  as  well a s  t e c h n i c a l l y  
a t t r a c t i v e .  T h e  u s u a l  c o n d i t i o n s  a r e  425OC. 6 , 8 9 3  K-Pascals(1,OOO p s i q ) ,  
l i q u i d  h o u r l y  s p a c e  v e l o c i t y  of 1 . 0  v / v / h r ,  h y d r o g e n  f e e d  r a t e  o f  
1 . 7 9  c u b i c  m e t e r s / l i t e r ( 1 0 , 0 0 0  s c f / b b l )  o f  o i l ,  a n d  l i q u i d  feed 
t e m p e r a t u r e  o f  85OC. 

RESULTS AND DISCUSSION 

T h e  b l a n k  c a t a l y s t  c a r r i e r  was f i rs t  t e s t e d  f o r  i t s  c a p a b i l i t y  o f  
removing n i t r o g e n  a n d  s u l f u r  f o r  e a c h  f e e d s t o c k  u s i n g  t h e  t y p i c a l  
o p e r a t i n g  c o n d i t i o n s .  Runs 1 a n d  2 i n  T a b l e  I1 u s e d  VFF as  t h e  
f e e d s t o c k  a n d  Runs 5 a n d  6 i n  T a b l e  I11 u s e d  LEC?. T h e i r  d e n i t r o g e n a -  
t i o n  d a t a  a r e  p l o t t e d  a s  a f u n c t i o n  of r u n n i n g  t i m e  i n  F i g u r e  2 .  T h e  
r e g r e s s i o n  i i n e s  snowed t h a t  t h e  d e n i t r o g e n a t i o n  o f  VFF g a v e  a h i g h e r  
i n i t i a l  a c t i v i t y  o f  c a t a l y s t  b u t  much n i g h e r  d e a c t i v a t i o n  r z t e  t h a n  
t h e  LECF d i d .  I t  w a s  b e l i e v e d  t h a t  t h e  h e a v i e r  c a r h o n a c e o u s  m a t e r i a l s  
of VFF h a v e  c a u s e d  t h e  s h o r t e r  a c t i v e  l i f e  of t h e  c a t a l y s t .  T h e  
s u l f u r  c o n t e n t s  o f  VFF a n d  LECF, 0 . 7 2 %  and 1 . 2 1 % .  were r e d u c e d  t o  
0 . 5 5  w t %  and  0 .38  w t % ,  r e s p e c t i v e l y ,  shown i n  T a b l e  I V  a n d  V. T h e  
o i l  p r o d u c t  r e c o v e r y  o f  LECF i n  Runs 5 and  6 ,  77  w t % ,  was much h i g h e r  
t h a n  t h a t  o f  VFF i n  Runs 1 a n d  2 which  w a s  4 5  w t % .  T h e  m e t a l  e f f e c t s  
s t u d i e s  were  b a s e d  on  t h e  p e r f o r m a n c e  o f  t h e s e  b l a n k  r u n s .  

A s i x t e e n  e x p e r i m e n t  24 f u l l  t w o  l e v e l " m e t a 1 - l o a d i n g  f a c t o r i a l  d e s i g n  
w a s  d e v e l o p e d  t o  d e t e r m i n e  t h e  m e t a l  e f f e c t s  f o r  e a c h  f e e d s t o c k .  T h e  
c a t a l y s t s  d e s i g n a t e d  f r o m  C - 4 1  t o  C-56 i n  T a b l e  I1 c o m p r i s i n g  e v e r y  
c o m b i n a t i o n  o f  2 and  4% COO, 2 a n d  8% No0 1 a n d  4 %  N i O ,  a n d  2 and  8% 
WO were t e s t e d  i n  Run 7 t o  22 u s i n g  SRC-2; VFF a s  f e e d s t o c k  and  i n  
Rul? 23 t o  38 u s i n y  SRC-I1 LECF. 
r u n s  were t h e  same a s  t h o s e  of b l a n k  r u n s .  T h e  a v e r a g e  d e n F t r o g e n a t i o n  
d a t a  from Run 7 t o  22 v a r i e d  f r o m  6 1 . 9 % ( 0 . 4 6  w t % N  o f  p r o d u c t )  t o  81.1% 
(0.22 W t %  N o f  p r o d u c t )  a n d  was r e g r e s s e d  o n  t h e  w e i g h t  p e r c e n t  o f  
metal o x i d e s  by u s i n g  t h e  forward s t e p w i s e  l i n c a r  r e g r e s s i o n  t e c h n i q u e  
a t  a c o n f i d c n c o  l e v e l  of 9 0 % .  T h e  r e g r e s s e d  e q u a t i o n  became 

The  o p e r a t i n g  c o n d i t i o n s  of t h e s e  

%W = 3 1 . 8  + 11.29  COO + 2 . 3 6  Moo3 + 3 . 2 6  WOg -0 .589(C00)(MO03) 
-0.893 (COO) (W03), 

w h e r e  m c t a l  o x i d e s  r c p r e s e n t  t h e  w e i g h t  p e r c e n t  o f  c a t a l y t i c  composi- 
t i o n s .  T h e  i n t e r c c p t ,  31 .8 ,  is t h e  a v e r a g e  % D N  ?or b l a n k  r u n s .  T h c  
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r e s u l t  showed t h a t  t h r e e  metals ,  C o ,  Mo, a n d  W ,  s i g n i f i c a n t l y  i n -  
c r e a s e d  t h e  c a t a l y t i c  a c t i v i t y  €or d e n i t r o g e n a t i o n  a n d  t h e  i n t e r a c t i v e  
e f f e c t s  o f  Co-Mo and  Co-w were n e g a t i v e .  T h e  e f f e c t  of N i  was f o u n d  
t o  be i n s i g n i f i c a n t .  F i g u r e  3 p l o t s  t h e  d e n i t r o g e n a t i o n  d a t a  f o r  Run 
7 to  22 as a f u n c t i o n  o f  t h e  r u n n i n g  time. T h e  e f f e c t  of C o  c o n c e n t r a -  
t i o n  i s - a l s o  shown i n  t h e  p l o t .  
T h e  d e n i t r o g e n a t i o n  d a t a  f rom Run 23  t o  38 u s i n g  LECF as t h e  f e e d s t o c k  
is shown i n  T a b l e  111. T h e  n i t r o g e n  c o n t e n t  of  LECF, 0 .88  w t % ,  h a s  
been r e d u c e d  t o  a n  a v e r a g e  o f  0 .07  w t %  N(91.8  %DV)  i n  Run 3 3  a n d  0 . 2 8  
w t % ( 6 7 . 6  % D N )  i n  Run 36 .  T h e  f i t t e d  e q u a t i o n  f o r  t h e  a v e r a g e  d e n i t r o -  
g e n a t i o n  d a t a  became 

%DN = 4 0 . 1  + 6.47  COO + 5.23 Moo3 + 1 . 5 6  W03 - 0.86(COO) (MOO3) 

w i t h  a c o n f i d e n c e  l e v e l  o f  9 0 % .  T h e  i n t e r c e p t  o f  t h e  e q u a t i o n  i s  t h e  
a v e r a g e  %DN f o r  b l a n k  r u n s .  I t  w a s  found t h a t  t h e  a d d i n g  o f  C o ,  Mo, 
a n d  W s i g n i f i c a n t l y  i n c r e a s e d  t h e  c a t a l y s t  a c t i v i t y  €or d e n i t r o g e n a t i o n  
a n d  t h e  i n t e r a c t i v e  e f f e c t  o f  Co-Mo w a s  n e g a t i v e .  T h e  a d d i n g  o f  N i  
w a s  a g a i n  i n e f f e c t i v e .  

T h e  a v e r a g e  d e s u l f u r i z a t i o n , A S T l . i D - 8 6  d i s t i l l a t i o n  y i e l d  a t  650°F, a n d  
o i l  p r o d u c t  y i e l d  d a t a  f o r  VFF shown i n  T a b l e  I V  w e r e  r e g r e s s e d  ' b r t h e  
c a t a l y s t  c o m p o s i t i o n s  u s i n g  a c o n f i d e n c e  c o e f f i c e n t  o f  0 . 9 0 .  T h e  
a v e r a g e  d e s u l f u r i z a t i o n  f o r  b l a n k  r u n s  w e r e  24 .95% a n d  t h e  a v e r a g e  
d e s u l f u r i z a t i o n  - i n  Runs 7 t o  22 v a r i e d  f r o m  1 4 . 9 % ( 0 . 6 1  w t %  S )  t o  7 1 . 4 %  
(0.16 w t %  S ) .  T h e  r e g r e s s i o n  e q u a t i o n  fo r  d e s u l f u r i z a t i o n  of VFF w a s  

%DS = ' 24 .95  - 6.43  COO + 6.66  M o O j  + 4.8 W03 - 0.556(Mo03) (WO3), 

which  showed t h e  main e f f e c t s  o f  M o  and W t o  b e  p o s i t i v e  and  C o  g i v i n g  
a n e g a t i v e  e f f e c t .  T h e  i n t e r a c t i v e  e f f e c t  o f  No-W w a s  found t o  b e  
i n s i g n i f i c a n t .  T u n g s t e n  was f o u n d  t o  e f f e c t  t h e  o i l  p r o d u c t  y i e l d  
n e g a t i v e l y .  T h e  e f f e c t  o f  metals on  t h e  ASTM-D86 d i s t i l l a t i o n  y i e l d  
w a s  found t o  b e  i n s i g n i f i c a n t .  
T h e  d a t a  o f  d e s u l f u r i z a t i o n  a n d  o i l  p r o d u c t  y i e l d  f o r  LECF is shown i n  
T a b l e  V. T h e s e  t w o  v a r i a b l e s  w e r e  a g a i n  r e g r e s s e d  f o r t h e  c a t a l y s t  
c o m p o s i t i o n s  a t  a c o n f i d e n c e  l e v e l  of 90%.  T h e  reqression e q u a t i o n  
for  d e s u l f u r i z a t i o n  was 

0 

$DS = 6 8 . 5  + 4 . 1 7 5  COO +2.38  Moo3 - 0.63(CoO)(Mo03) 
T h e  i n t e r c e p t ,  68 .5  %DS, w a s  t h e  a v e r a g e d  a c t i v i t y  o f  b l a n k s  r u n s .  
C o  and MO w e r e  found t o  i n c r e a s e  t h e  c a t a l y s t  a c t i v i t y  s i g n i f i c a n t l y  
for d e s u l f u r i z a t i o n  o f  LECF. T h e  i n t e r a c t i v e  e f f e c t  o f  Co-Mo w a s  
n e g a t i v e .  T h e  a d d i n g  o f  N i  t o  t h e  c a t a l y s t  a p p e a r e d  t o  b e  i n e f e e c t i v e .  
T h e  effect  o f  m e t a l s  on  o i l  p r o d u c t  y i e l d  w a s  f o u n d  t o  b e  i n s i g n i f i -  
c a n t  . 
T h e  above  r e g r e s s i o n  e q u a t i o n s  were u s e d  f o r  a n a l y z i n g  t h e  f a c t o r i a l  
d e s i g n  b u t  were n o t  a p p r o p r i a t e  t o  u s e  f o r  p r e d i c t i o n  b e c a u s e  t h e  
e x p e r i m e n t s  w e r e  n o t  d e s i g n e d  f o r  t h i s .  T h e r e  were some s imi l a r i t i e s  
of metal e f f e c t s  fo r  b o t h  f e e d s t o c k s .  T a b l e  V I  s u m m a r i e s  t h e  metal 
e f f e c t s .  T h r e e  metals; C o ,  M o ,  and  W03 a f f e c t e d  t h e  c a t a l y s t  a c t i v i t y  
for d c n i t r o g e n a t i o n  s i g n i f i c a n t l y ,  w h i l e  N i  d i d  n o t .  T h e  i n t e r a c t i v e  
e f f e c t s  o f  c e r t a in  metals on b o t h  d e n i t r o g e n a t i o n  a n d  d e s u l f u r i z a t i o n  
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were n e g a t i v e .  T h e  e f f e c t  o f  N i  on  d e s u l f u r i z a t i o n  on b o t h  f e e d s t o c k s  
w a s  found t o  b e  i n s i g n i f i c a n t .  O b s e r v i n g  o f  t h e  e x p e r i m e n t a l  d a t a  
shows t h a t  c a t a l y s t  c - 4 9  w i t h  a metal  c o m b i n a t i o n  o f  4 6  COO, 8 %  E!oO3, 
1% N i o ,  a n d  8 %  WOj g i v e s  a c o n s i s t e n t  c a t a l y s t  a c t i v i t y  f o r  t h e  a e n i t r o -  
g e n a t i o n .  An a t t e m p t  w a s  made t o  m o d e r a t e  t h e  c a t a l y s t  d e a c t i v a t i o n  
by s t a r t i n g  a t  a lower t e m p e r a t u r e  a n d  a h i g h e r  s p a c e  v e l o c i t y .  Run 
39 and 4 0  i n  F i g u r e  4 u s e d  t h e  b l a n k  c a t a l y s t  c a r r i e r  as  t h e  c a t a l y s t  
and  s t a r t e d  a t  425OC and  s p a c e  v e l o c i t i e s  o f  5 a n d  20  v / v / h r ,  r e s p e c -  
t i v e l y ,  f o r  t h e  f i r s t  f i v e  m i n u t e s .  Then the t m p r a t u r e  was i n c r e a s e d  t o  
475OC i n  two h o u r s  and t h e  s p a c e  v e l o c i t i e s  r e d u c e d  t o  1 . 0  hr-1. Run 
39 coked up a f t e r  6 h o u r s  due  t o  t h e  i n c r e a s e d  t e m p e r a t u r e  and  low 
i n i t i a l  s p a c e  v e l o c i t y .  Run 4 0  p r o c e e d e d  f o r  8 h o u r s  w i t h o u t  p r e s s u r e  
bu i ld -up .  The d a t a  o f  b l a n k  Runs 1 a n d  2 a re  a l s o  p l o t t e d  i n  F i g u r e  4 
f o r  compar i son .  The a c t i v i t i e s  o f  Runs 3 9  and  4 0  w e r e  s l i g h t l y  l o w e r  
a t  t h e  b e g i n n i n g  b u t  much less d e a c t i v a t e d  t h a n  t h o s e  o f  Runs 1 and 2 
which were made a.t a c o n s t a n t  t e m p e r a t u r e  o f  425OC and  a s p a c e  v e l o c i t y  
of 1 . 0  h r - l .  Run' 39 g a v e  a bet ter  d e n i t r o g e n a t i o n  t h a n  Run 4 0  b e c a u s e  
o f  i ts  lower i n i t i a l  s p a c e  v e l o c i t y .  Run 4 1  and  4 2  i n  F i g u r e  5 q lOYed  
t h e  same o p e r a t i n g  c o n d i t i o n s  a s  Run 3 9  and  4 0  e x c e p t  t h a t  i t  w a s  
s t a r t e d  w i t h  an  i n i t i a l  s p a c e  v e l o c i t y  of  1 0  f o r  t h e  f i r s t  f i v e  m i n u t e s .  
Run 4 1  u s e d  b l a n k  c a t a l y s t  ca r r ie r  as  t h e  c a t a l y s t  a n d  Run 42 u s e d  
z e t a l y s t  C-49 .  Run 41 a n d  4 2  were Carrie.: o u t  f o r  1 0  and  8 h o u r s ,  
r e s p e c t i v e l y  w i t h o u t  p r e s s u r e  b u i l d - u p .  F i g u r e  5 shows t h a t  c a t a l y s t  
C-49 g i v e s  a bet ter  c a t a l y s t  a c t i v i t y  t h a n  i t s  b l a n k  c a r r i e r  a n d  t h a t  
t h e  u s e  o f  s t a r t i n g  a t  h i g h e r  s p a c e  v e l o c i t y  d e c r e a s e d  t h e  c a t a l y s t  
d e a c t i v a t i o n  r a t e .  Run 4 2  r e d u c e d  t h e  n i t r o g e n  c o n t e n t  of S R C - I 1  V F P ,  
1 . 1 7  w t % ,  t o . 0 . 0 8  w t %  a f t e r  30  m i n u t e s  and t o  0.42 w t %  a f t e r  8 h o u r s .  
T h e  a v e r a g e  n i t r o g e n  c o n t e n t o f  t h q i q u i d  p r o d u c t  f o r  Run 4 2  was 0 . 3  w t %  
compared t o  0 . 6 2  w t %  f o r  Run 4 1 .  

To p u r s u e  t h e  f e a s i b i l i t y  o f  r e u s i n g  a p r o m i s i n g  c a t a l . y s t ,  a p r o c e s s  
which r e a c t i v a t e s  t h e  s p e n t  c a t a l y s t  v i a  p e r i o d i c  a i r  b u r n - o f f  a n d  
r e s u l f i d i n g  is r e q u i r e d .  F r e s h  c a t a l y s t  C - 4 9  was a g a i n  t e s t e d  f o r  8 
h o u r s  u s i n g  SRC-I1 LECF as  f e e d s t o c k .  The o p e r a t i n g  c o n d i t i o n s  w e r e  
t y p i c a l . :  6 , 9 8 3  K - P a s c a l s ( l , O O O p s i g ) ,  425OC,  a hydrogen  f l o w  ra te  o f  
1 . 7 9  c u b i c  meters / l i t e r  ( 1 0 . 0 0 0  s c f / b b l )  , a s p a c e  v e l o c i t y  o f  1 . 0  h r - l  
and  a l i q u i d  f e e d  t e m p e r a t u r e  o f  85OC. The r e s u l t s  showed t h a t  t h e  
n i t r o g e n  c o n t e n t  was r e d u c e d  t o  0 . 0 5  w t %  a f t e r  o n e  h o u r  and  t o  0 . 2 7  
a f t e r  8 h o u r s  a n d  t h e  s u l f u r  c o n t e n t  was r e d u c e d  t o  a n  a v e r a g e  o f  
0 . 1 7  W t % .  T h i s  s p e n t  c a t a l y s t  w a s  b u r n e d - o f f  u n d e r  a t m o s p h e r i c  p r e -  
s s u r e  at 55OoC for t h e  f i r s t  4 h o u r s  w i t h  5% 0 2 , i n  n i t r o q e n  a t  a g a s  
flow rate of 5 s c f / h r  a n d  fo r  a n o t h e r  4 h o u r s  w l t h  4 0  e O2 i n  t h e  n i t r o -  
gen a t  t h c  g a s  f l o w  ra te  o f  1 . 5  s c f / h r .  

T h i s  c a t a l y s t  was r e a c t i v a t e d  by s u l f i A j . n g  a n d  f u r t h e r  r e u s e d  f o r  
p e r i o d s  o f  8 h o u r s  he twcen  r e g e n e r a t i o n  f o r  1 0 4  h o u r s .  F i g u r e  6 p l o t s  
t h e  a v e r a g e  n i t r o g e x  and s u l f u r  c o n t e n t s  o f  t h e  l i q u i d  produc:  a s  a 
f u n c t i o n  o f  t i m e .  
r e s t o r e d  t h r o u g h  t h e  r e g c r i e r a t i o n  p r o c e s s  and  t h e  a v e r a g e  n i t r o g e n  ancl 
s u l f u r  c o n t e n t s  have been c o n s i s t c n t l y  r e d u c e d  t o  less t h a n  03. w t % .  
The  l i q u i d  p r o d u c t  r e c o v c r c d  a v e r a g e d  9 1  w t % .  

Thc  r e s u l t s  show t h a t  t h e  c a t a l y s t  a c t i v i t y  h a s  been 
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t CONCLUSION 

The  c a t a l y s t  a c t i v i t y  for t h e  d e n i t r o g e n a t i o n  of SRC-I1 Vacuum F l a s h  
Feed and  L i g h t  Ends Column Feed  was s i g n i f i c a n t l y  i n c r e a s e d  by t h e  a 
a d d i n g  of Co, MO, a n d  w b u t  d e c r e a s e d  by t h e  i n t e r a c t i v e  e f f e c t  of  
Co-MO. The i n t e r a c t i o n  be tween C o  and W g a v e  a n e g a t i v e  e f f e c t  o n  
d e n i t r o g e n a t i o n  of VFF. T h e  e f f e c t  of C o  and  Elo on  t h e  d e s u l f u r i z a -  
t i o n  of LECF was p o s i t i v e .  T h e  e f f e c t  of Mo a n d  W o n  t h e  d e s u l f u r i -  
z a t i o n  of VFF was a l s o  p o s i t i v e  b u t  C o  w a s  n e g a t i v e .  T h e  i n t e r a c t i o n  
between M o  a n d  W g a v e  a n e g a t i v e  e f f e c t  on  t h e  d e s u l f u r i z a t i o n  o f  VFF, 
w h i l e  between C o  a n d  Mo g a v e  a n e g a t i v e  e f f e c t  o n  t h e  d e s u l f u r i z a t i o n  
o f  LECF. I t  was found t h a t  t h e  a d d i n g  o f  N i  w h s  i n e f f e c t i v e .  T h e  
c a t a l y s t  d e a c t i v a t i o n  was m o d e r a t e d  by s t a r t i n g  a t  a lower t e m p e r a t u r e  
and h i g h e r  s p a c e  v e 1 o c i t y . A  c a t a l y s t  w i t h  a m e t a l  c o m b i n a t i o n  o f  4% 
COO, 8% MoO3, 1% N i O ,  and  8% W03 h a s  r e d u c e d  t h e  n i t r o g e n  a n d  s u l f u r  
c o n t e n t s  o f  SRC-I1 o f  LECF to a s  l o w  as  0 . 3  w t %  for 104 h o u r s  w i t h  a n  
a v e r a g e  l i q u i d  pr 'oduct  r e c o v e r y  of 9 1  w t % .  
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TADLE I 

propertie, Of SRCC-I1 P I C d " D t S  

V*C"Y" L i g h t  Ends 
Flesh Feed Column Feed _. _. 81.43 
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1.17  
1 Hydrogcn 
1 N i f r o g c n  
I sulfur 0.12 
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1 OXY,=" 
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MOLYBDENUM RECOVERY FROM TWO TYPES OF 
DIRECT CATALYTIC COAL LIQUEFACTION PROCESSES 

R. A. Ference and R. F. Sebenik 

Climax Molybdenum Company of Michigan 
A S u b s i d i a r y  of  AMAX, Inc .  

P.O. Box 1568 
Ann Arbor ,  Michigan 48106 

INTRODUCTION 

Molybdenum-containing c a t a l y s t s  are  wide ly  used i n  t h e  pe t ro leum r e f i n i n g  i n d u s t r y  
f o r  mild hydrogenat ion and removal of  he te roa toms such as n i t r o g e n ,  oxygen, and 
s u l f u r ,  as wel l  as metals l i k e  n i c k e l  and vanadium. 
i s  b e i n g  extended t o  upgrading of petroleum s u b s t i t u t e s  such as s h a l e  o i l ,  t a r  sands,  
and c o a l  l i q u i d s .  But molybdenum c a t a l y s t s  a l s o  p l a y  a n  impor tan t  r o l e  i n  s e v e r a l  
d i r e c t  c o a l  l i q u e f a c t i o n  p r o c e s s e s .  

I n  one type  of l i q u e f a c t i o n  o p e r a t i o n ,  a convent iona l  petroleum-type COMO/AI,O, o r  
NiMo/AlzOs c a t a l y s t  can be  used f o r  rehydrogenat ion  of t h e  r e c y c l e  s o l v e n t  stream. 
I n  two-stage c o a l  l i q u e f a c t i o n  p r o c e s s e s ,  t h e  i n i t i a l  l i q u e f a c t i o n  s t e p  uses  only  
n a t u r a l  components of  t h e  c o a l  a s h  as c a t a l y s t s ,  b u t  t h e  second s t a g e  employs a 
CoMo/Alz03 c a t a l y s t  f o r  upgrading.  

A t h i r d  type  of o p e r a t i o n  u t i l i z e s  a CoMo/AlzOS c a t a l y s t  i n  t h e  l i q u e f a c t i o n  r e a c t o r .  
F r e s h  c a t a l y s t  can be added t o  t h e  top  of  t h e  r e a c t o r  w h i l e  s p e n t  c a t a l y s t  can  be  
withdrawn From t h e  bottom. Here, t h e  c a t a l y s t  i s  i n  d i r e c t  c o n t a c t  w i t h  t h e  c o a l .  

I n  a f o u r t h  v a r i a t i o n ,  a molybdenum compound i s  d i s p e r s e d  i n  t h e  c o a l - o i l  f e e d  
s l u r r y .  
r e c y c l e d  w i t h  s o l v e n t  w h i l e  t h e  remainder  goes a l o n g  w i t h  t h e  l i q u i d  product  stream 
and t h e n  wi th  t h e  r e s i d u e  i n t o  a g a s i f i e r  i n  t h e  hydrogen p l a n t .  Eventua l ly ,  t h e  
Mo is discharged  from t h e  p l a n t  as  a component of  t h e  c o a l  ash.  Here a g a i n ,  t h e  
molybdenum c a t a l y s t  is i n  d i r e c t  c o n t a c t  w i t h  t h e  c o a l  a l though no r e f r a c t o r y  
s u p p o r t  is employed. 

Coal l i q u e f a c t i o n  p r o c e s s e s  can  consume l a r g e  q u a n t i t i e s  o f  c a t a l y s t .  For example, 
an H-Coal-type p l a n t  p r o c e s s i n g  20,000 t o n s  of  c o a l  a day and u s i n g  c a t a l y s t  a t  a 
r a t e  of  1 . 5  l b / t o n  of c o a l  would r e q u i r e  about  1 0  MM pounds o f  CoMo/AlZ03 a y e a r  on 
a once-through b a s i s .  While r e g e n e r a t i o n  and improved u t i l i z a t i o n  rates might 
reduce  t h i s  amount s u b s t a n t i a l l y ,  t h e  demand f o r  f r e s h  c a t a l y s t  would s t i l l  b e  
s i z a b l e .  

This  hydroprocess ing  technology 

Carr ied  through t h e  l i q u e f a c t i o n  r e a c t o r ,  a p o r t i o n  of t h e  molybdenum is  
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MOLYBDENUM RECOVERY PROCESSES 

The i n v e s t i g a t i o n  of molybdenum r e c o v e r y  methods w a s  l i m i t e d  t o  two t y p e s  of 
c a t a l y s t  s y s t e m s ,  one i n  which CoMo/A1203 w a s  i n  d i r e c t  c o n t a c t  w i t h  c o a l  i n  t h e  
l i q u e f a c t i o n  r e a c t o r  and one t h a t  employed a molybdenum compound d i s p e r s e d  i n  t h e  
c o a l - o i l  feed s l u r r y .  T h i s  work h a s  been c a r r i e d  o u t  on a l a b o r a t o r y  s c a l e  only  
and h a s  not  been e v a l u a t e d  i n  p i l o t  p l a n t  equipment .  

C O M O / A ~ ~ O ,  C a t a l y s t  

Labora tory  s t u d i e s  began w i t h  "as r e c e i v e d "  s p e n t  C O M O / A ~ . O ~  pe t ro leum hydrodesul-  
f u r i z a t i o n  (HDS) c a t a l y s t  t h a t  c o n t a i n e d  s u b s t a n t i a l  q u a n t i t i e s  of  s u l f u r ,  coke, 
and heavy hydrocarbons. 
p i l o t  u n i t  has  r e c e n t l y  been o b t a i n e d  and i s  c u r r e n t l y  b e i n g  t e s t e d  t o  de te rmine  
the e f f e c t s  of c o a l  a s h  components such  a s  Fe ,  Ca, T i ,  and S i  on Mo recovery .  

F i g u r e  1 shows a schemat ic  f low diagram f o r  t h e  p r o c e s s .  The chemis t ry  involved  i s  
n o t  un ique  t o  t h i s  o p e r a t i o n ,  having  been r e p o r t e d  i n  numerous s c i e n t i f i c  publ ica-  
t i o n s  and p a t e n t s .  

The s p e n t  c o a l  l i q u e f a c t i o n  c a t a l y s t  i s  f i r s t  ground t o  approximate ly  -100 mesh 
p a r t i c l e  s i z e  t o  f a c i l i t a t e  gas-so l id  c o n t a c t  i n  subsequent  s t e p s .  Then t h e  pul-  
v e r i z e d  mater ia l  i s  r o a s t e d  i n  a i r  a t  600 C i n  a d i r e c t  f i r e d  r o t a r y  k i l n  o r  f l u i d  
bed c a l c i n e r  t o  remove carbon and s u l f u r  d e p o s i t s .  The c a l c i n e d  material  i s  mixed 
w i t h  soda ash (NaZCO,) t o  o b t a i n  i n t i m a t e  c o n t a c t .  This  probably c a n  be  done with- 
o u t  c o o l i n g  as t h e  material  l e a v e s  t h e  A i r  Roas te r .  The NazC03-calcine mix is then 
r o a s t e d  aga in  i n  a i r  a t  750 C i n  a second r o t a r y  k i l n  o r  f l u i d  c a l c i n e r  t o  conver t  
molybdenum o x i d e  (MOO,) t o  NaZMoO,. 

A sample o f  CoMo/AlZ03 c a t a l y s t  from a c o a l  l i q u e f a c t i o n  

Moo3 + NazCO, -+ NaZMoOl. + COz+ I? 

The N a z C 0 3  Roas te r  product  i s  water leached  a t  100 C i n  a cont inuous  s t i r r e d  tank  
r e a c t o r  v e s s e l  t o  s o l u b i l i z e  t h e  molybdenum. I n s o l u b l e  Co-Alz03 r e s i d u e  and t h e  
Na2MoOb s o l u t i o n  are r e a d i l y  s e p a r a t e d  by f i l t r a t i o n .  The f i l t e r  cake,  a f t e r  
washing, i s  ready  f o r  c o b a l t  recovery .  

The f i l t r a t e  i s  t r a n s f e r r e d  t o  a Mo recovery  c i r c u i t  and t r e a t e d  w i t h  ca lc ium 
c h l o r i d e  o r  l i m e  a t  ambient t e m p e r a t u r e  t o  p r e c i p i t a t e  ca lc ium molybdate which is 
f i l t e r e d ,  washed, and d r i e d .  

NazMoOb + CaC12/Ca(OH), -+ CaMo0,J. + 2NaC1/2NaOH 

The f i l t r a t e  from t h e  Mo P r e c i p i t a t i o n  Tank w i l l  p robably  r e q u i r e  n e u t r a l i z a t i o n  
b e f o r e  d i s c h a r g e  as a waste s o l u t i o n .  

Labora tory  scale experiments  w i t h  t h i s  p r o c e s s i n g  scheme have  r e s u l t e d  i n  
molybdenum r e c o v e r i e s  between 90 and 95% wi th  no c o b a l t  contaminat ion .  

C a p i t a l  and o p e r a t i n g  c o s t  e s t i m a t e s  f o r  t h e  p r o c e s s  are shown i n  Table  I .  
c o s t s  are "order  o f  magnitude" o r  "pre l iminary"  which i m p l i e s  -+30%. 
assumptions used i n  t h i s  estimate a r e :  

A l l  
The d e s i g n  

1. Spent c a t a l y s t  i s  o b t a i n e d  from a 20,000 TPD o r  50,000 TPD c o a l  l i q u e -  
f a c t i o n  p l a n t  consuming 1 .5  l b s  of CoMo/Al,Os c a t a l y s t  p e r  ton  of  c o a l .  
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2 .  The composi t ion of  t h e  s p e n t  c a t a l y s t  was 10% Mo, 2.5% C o ,  10% s ,  
10% C ,  w i t h  t h e  b a l a n c e  A 1 2 0 3 .  

3. The p l a n t  o p e r a t e s  330 d a y s / y e a r ,  24 hours /day .  
4 .  Mo recovery i s  95% i n  t h e  s p e n t  c a t a l y s t  p l a n t .  
5. No c o s t  i s  a p p l i e d  t o  t h e  s p e n t  c a t a l y s t .  
6. No c r e d i t  i s  taken f o r  Co-A1203 n o r  a r e  c o s t s  f o r  t h e i r  s e p a r a t i o n  

7. 

8. 

charged t o  Mo recovery .  
Raw m a t e r i a l  c o s t s  a r e  t h o s e  p u b l i s h e d  i n  Chemical Market ing Repor te r ,  
March I, 1982. 
C a p i t a l  c o s t s  are based on March 1982 estimates u s i n g  a Chemical 
Engineer ing  Index o f  330. 

The t y p e  and s i z e  of  a l l  equipment were chosen us ing  normal e n g i n e e r i n g  e s t i m a t i n g  
procedures  based on t h e  s m a l l  scale l a b  tests. S e v e r a l  less convent iona l  a l t e r n a -  
t i v e  equipment t y p e s  may be s u i t a b l e  a t  s i g n i f i c a n t  c a p i t a l  economies. I n  a d d i t i o n ,  
no a t tempt  w a s  made t o  opt imize  r a w  material o r  u t i l i t y  consumptions,  which would 
a l s o  be amenable t o  economizat ion.  Eventua l ly  a l l  equipment s i z e s ,  raw m a t e r i a l s ,  
and u t i l i t y  consumptions must be  confirmed by p i l o t  scale t e s t s .  

The c o s t  e s t i m a t e s  show t h a t  manufactur ing c o s t s ,  e s p e c i a l l y  l a b o r  and a s s o c i a t e d  
overheads ,  are very  s e n s i t i v e  t o  p l a n t  c a p a c i t y  i n  t h e  20,000 TPD t o  50,000 TPD 
c o a l  feed  range. T h i s  s u g g e s t s  t h a t  a l a r g e ,  c e n t r a l l y - l o c a t e d  c a t a l y s t  p r o c e s s i n g  
p l a n t  s e r v i c i n g  s e v e r a l  c o a l  l i q u e f a c t i o n  f a c i l i t i e s  would r e s u l t  i n  t h e  lowes t  
molybdenum recovery c o s t s .  

The t o t a l  o p e r a t i n g  c o s t  o f  $3.29/1b Mo feed  shown i n  Table  I does  n o t  i n c l u d e  t h e  
c o s t  t o  make-up t h e  5% Mo l o s s e s  i n  t h e p r o c e s s .  I n  a d d i t i o n ,  t h e  Mo is  recovered  
from t h e  s p e n t  c a t a l y s t  a s  CaMoOz which is n o t  a s u i t a b l e  f e e d  f o r  c a t a l y s t  p repara-  
t i o n  b u t  is an a c c e p t a b l e  m a t e r i a l  f o r  m e t a l l u r g i c a l  use .  A more expens ive  
molybdenum compound, a h i g h  p u r i t y  oxide ,  i s  r e q u i r e d  f o r  c a t a l y s t  manufacture .  
Consequent ly ,  a c o s t  p e n a l t y  i s  a l s o  i n c u r r e d  f o r  t h e  reduced v a l u e  of t h e  recovered  
Mo. The Mo recovered  as  CaMoO, (95% of  t h e  s t a r t i n g  p a t e r i a l )  h a s  a v a l u e  equiva-  
l e n t  t o  a t e c h n i c a l  grade  o x i d e  ($8.62/1b Mo) and thus  c r e d i t s  t h e  o p e r a t i n g  c o s t  
wi th  $8 .19/ lb  Mo feed .  The replacement  Mo as a p u r e  o x i d e  ($9.58/1b Mo) adds 
$9.58/1b Mo feed  t o  t h e  o p e r a t i n g  c o s t .  T h i s  r e s u l t s  i n  a n e t  a d d i t i o n a l  c o s t  o f  
$1 .39/ lb  Mo feed ,  and r a i s e s  t h e  n e t  o p e r a t i n g  c o s t  t o  $4.68/1b Mo f e e d .  Even wi th  
a 100% Mo recovery ,  t h e  c u r r e n t  Mo p r i c i n g  s t r u c t u r e  r e s u l t s  i n  a c o s t  p e n a l t y  of  
$0 .96/ lb  Mo f e e d .  

Based on l a b o r a t o r y  d a t a ,  t h e  process  a p p e a r s  t o  be  t e c h n i c a l l y  f e a s i b l e  b u t  needs 
more d e f i n i t i o n  on t h e  e f f e c t s  of  c o a l  a s h  contaminat ion  on Mo recovery .  The 
economics a l s o  look  promising w i t h  t h e p o t e n t i a l  f o r  improvement v i a  a l t e r n a t e  
technology.  

Dispersed Molybdenum C a t a l y s t  

When a molybdenum compound i s  d i s p e r s e d  i n  t h e  c o a l - o i l  feed  s l u r r y , a  d i f f e r e n t  type 
of recovery  p r o c e s s  can be  used.  Ul t imate ly ,  Mo is  r e j e c t e d  from t h e  l i q u e f a c t i o n  
p l a n t  as a component o f  t h e  c o a l  a s h .  However, a f t e r  p a s s i n g  through t h e  l i q u e -  
f a c t i o n  r e a c t o r  and product  s e p a r a t o r s ,  t h e  Mo c a t a l y s t ,  a long  w i t h  unreac ted  c o a l ,  
c h a r ,  r e s i d u a l  hydrocarbons,  and t h e  a s h  may be fed  t o  a p a r t i a l  o x i d a t i o n  g a s i f i e r  
i n  a hydrogen p l a n t .  Molybdenum-containing c o a l  a s h  t h a t  has  been s u b j e c t e d  t o  
g a s i f i c a t i o n  c o n d i t i o n s  h a s  n o t  been a v a i l a b l e  i n  q u a n t i t i e s  s u f f i c i e n t  f o r  adequate  
t e s t i n g .  Consequent ly ,  s y n t h e t i c  mixtures  of  c o a l  ash  from a g a s i f i c a t i o n  u n i t  and 
Mo m e t a l  powder have been used i n  e v a l u a t i n g  t h e  Mo recovery  process .  The c o a l  ash- 
Mo m e t a l  blend w a s  fused  t o  i n s u r e  i n t i m a t e  c o n t a c t  of  t h e  components. A f t e r  cool ing ,  
t h e  s o l i d  m e l t s  were ground t o  approximately -100 mesh and mixed w i t h  soda a s h  
(Na2C03). 
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A s  shown i n  t h e  schemat ic  f l o w  diagram f o r  t h e  p r o c e s s  (F igure  2 ) ,  t h e  Mo-ash- 
N a 2 C 0 .  mix ture  i s  r o a s t e d  i n  a i r  a t  700 C i n  a d i r e c t  f i r e d  r o t a r y  k i l n  o r  f l u i d  
bed c a l c i n e r .  There i s  no need t o  a i r  r o a s t  t h e  a s h  b e f o r e  a d d i t i o n  of  N a 2 C 0 ,  
because  the d e l e t e r i o u s  s u l f u r  and carbon i m p u r i t i e s  have a l r e a d y  been removed i n  
t h e  g a s i f i e r .  

The r o a s t e d  m i x t u r e  i s  s l u r r i e d  w i t h  water  at 100  C t o  e x t r a c t  Na2MoOb. The ash  
r e s i d u e  is t h e n  washed, d r i e d  and d i s c a r d e d .  The f i l t r a t e  and wash l i q u o r  contain-  
i n g  d i s s o l v e d  NazMoO4 and e x c e s s  NazC03 a r e  mixed and ammonia added t o  a n  NH3/Mo 
r a t i o  of 1/1-2/1.  Then s u l f u r i c  a c i d  is added t o  t h e  ammoniacal s o l u t i o n ,  main- 
t a i n e d  a t  80-100 C,  u n t i l  an ammonium polymolybdate i s  p r e c i p i t a t e d  a t  a pH of 
1.0-3.0. F i n a l l y ,  t h e  p r e c i p i t a t e  i s  f i l t e r e d  and d r i e d .  The ammonium polymolyb- 
d a t e  i s  q u i t e  s u i t a b l e  f o r  r e c y c l e  d i r e c t l y  i n t o  t h e  c o a l - o i l  f e e d  s l u r r y  of a coa l  
l i q u e f a c t i o n  p r o c e s s  e i t h e r  as a s o l i d  o r  d i s s o l v e d  i n  a d i l u t e  ammonia s o l u t i o n .  

Complete c a p i t a l  and o p e r a t i n g  c o s t  estimates f o r  t h i s  p r o c e s s  are shown i n  Table  11. 
Again, a l l  c o s t s  a r e  t30%.  The d e s i g n  assumptions used i n  t h i s  estimate are: 

1. The a s h  r e s i d u e  i s  o b t a i n e d  from a c o a l  l i q u e f a c t i o n  p l a n t  p r o c e s s i n g  

2 .  The a s h  r e s i d u e  c o n t a i n s  2% Mo. 
3. The p l a n t  o p e r a t e s  330 d a y s / y e a r ,  24 hours fday .  
4 .  Molybdenum recovery  from t h e  a s h  r e s i d u e  i s  95%. 
5 .  Raw material  c o s t s  a re  t h o s e  publ i shed  i n  Chemical Market ing Repor te r ,  

6. 

20,000 TPD o f  c o a l  w i t h  a n  a s h  c o n t e n t  of  10%. 

March 1, 1982.  
C a p i t a l  c o s t 3  are based on March 1982 e s t i m a t e s  u s i n g  a Chemical 
Engineer ing  Index of  330. 

No a t tempt  w a s  made t o  o p t i m i z e  r a w  material o r  u t i l i t y  consumptions.  Also ,  less 
convent iona l  a l t e r n a t i v e  equipment t y p e s  may be  s u i t a b l e  a t  s i g n i f i c a n t  c a p i t a l  
economies. Based on l a b o r a t o r y  s c a l e  exper imenta t ion ,  t h e  p r o c e s s  appears  t o  be 
t e c h n i c a l l y  f e a s i b l e .  However, i t  must be  remembered t h a t  t e s t  samples  were mix- 
t u r e s  o f  c o a l  a s h  and M o  m e t a l  powder. 
g a s i f i e r  becomes a v a i l a b l e ,  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  p r o c e s s  w i l l  n o t  b e  
a s s u r e d .  

Economic a n a l y s i s  (Table  11)  shows t h i s  Mo recovery  p r o c e s s  t o  be  a t t r a c t i v e ,  even 
w i t h  h igh  c a p i t a l  c o s t s  of $31  MM compared t o  t h e  $11.2 MM c a p i t a l  c o s t s  f o r  a n  
i d e n t i c a l l y - s i z e d  c o a l  l i q u e f a c t i o n  p l a n t  u s i n g  CoMo/A1203 c a t a l y s t  (Table  I).  The 
d i f f e r e n c e  i s  r e l a t e d  t o  t h e  l a r g e  volume of  a s h  t h a t  must b e  processed .  For  
example, a 20,000 TPD l i q u e f a c t i o n  p l a n t  p r o c e s s i n g  c o a l  w i t h  10% a s h  c o n t e n t  w i l l  
g e n e r a t e  2000 TPD of Mo-containing a s h  v e r s u s  only  15 TPD of  CoMo/A1203 s p e n t  
c a t a l y s t  from t h e  f i r s t  p r o c e s s .  In  f a c t ,  t h e  massive q u a n t i t i e s  of a s h  genera ted  
s e t  t h e  s i z e  of t h e  Mo recovery  p l a n t  independent  of  t h e  amount o f  Mo i n  t h e  a s h .  
S i n c e  t h e  c o n c e n t r a t i o n  of Mo may vary  from 0.25% up t o  about  8%, t h e  t o t a l  amount 
o f  molybdenum is s m a l l  compared t o  t h e  amount of a s h .  T h e r e f o r e ,  equipment s i z e s  
a r e  e s s e n t i a l l y  t h e  same f o r  a l l  c o n c e n t r a t i o n s  o f  Mo. F i g u r e  3 shows t h e  manu- 
f a c t u r i n g  c o s t s  f o r  a p l a n t  r e c o v e r i n g  Mo from t h e  a s h  a s  a f u n c t i o n  of  t h e  i n i t i a l  
molybdenum c o n c e n t r a t i o n .  Paramet r ic  c u r v e s  are shown f o r  molybdenum y i e l d  as w e l l  
as one c a s e  f o r  a 50,000 TPD c o a l  p l a n t .  

A t  any g iven  Mo c o n c e n t r a t i o n  i n  t h e  a s h ,  t h e r e  i s  only  a s m a l l  e f f e c t  of recovery  
y i e l d  on  t h e  u n i t  c o s t  o f  recovery .  But  t h i s  does n o t  t a k e  i n t o  account  t h e  c o s t  
o f  make-up material .  
20,000 TPD t o  50,000 TPD s c a l e s .  However, p r o c e s s  c o s t s  are very  s e n s i t i v e  t o  Mo 
l e v e l s  i n  t h e  a s h  and are probably  p r o h i b i t i v e  a t  molybdenum l e v e l s  much below 1%. 

U n t i l  Mo-containing a s h  r e s i d u e  from a 

Recovery c o s t s  are n o t  s e n s i t i v e  t o  p l a n t  c a p a c i t y  a t  
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SUMMARY 

Molybdenum recovery from c o a l  l i q u e f a c t i o n  p rocesses  employing CoMo/AlzOj c a t a l y s t s  
appears  t o  be bo th  t e c h n i c a l l y  f e a s i b l e  and economical ly  a t t r a c t i v e .  Cos t s  would 
be minimized i f  one c a t a l y s t  r ecove ry  p l a n t  s e r v i c e d  s e v e r a l  l i q u e f a c t i o n  f a c i l i t i e s .  
The s i t u a t i o n  is very d i f f e r e n t  w i t h  l i q u e f a c t i o n  p rocesses  employing d i s p e r s e d  Mo 
c a t a l y s t s .  I n  t h i s  c a s e ,  r ecove ry  c o s t s  show l i t t l e  s e n s i t i v i t y  t o  p l a n t  s i z e  
above 20,000 TPD c o a l  f eed  because of t h e  l a r g e  q u a n t i t i e s  of a sh  t h a t  must be  
processed.  The r ecove ry  technology appears  f e a s i b l e  b u t  t h e  economics a r e  ve ry  
S e n s i t i v e  t o  Mo l e v e l s  i n  t h e  a s h  r e s i d u e .  

CoOlA1,O. cauoo. 
spent  Catalyst 

FIGURE 1 :  Process Flow Sheet for t h e  Recovery of Molybdenum 
from a Spent CoUo/Al,O, Coal Liquefaerlon Catalyst 
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FIGURE 2 :  Process Flow Sheet for Cbe Recovery of Nolybdenum from a 
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FICURE 3: Uenufacturing Costs for B Process LO Recover Nolybdenum 
from a Resldue Ash from a Coal Liquefaction Plant 
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TABLE I. Capital and Manufacturing Costs For a Process to Recover Mo 
from a Spent CoMoiAlz03 Catalyst for Coal Liquefaction 

Basis: 1.5 l b s  catalyst/ton coal, 95% Recovery 
Catalyst Composition: 10% Mo, 2.5% Co, 10% S, 10% C, bal A1203 

Coal Liquefaction Plant Capacity 20,000 TPD 50,000 TPD 

Mo Plant Capital Cost $11.18 MM $13.87 MM 

Manufacturing Costs, $/lb Mo in Feed 

Raw Materials 
Utilities 
Labor 
Maintenance 
Operating Supplies 
Payroll Overhead 
Indirect Costs 
Fixed Costs - taxes, insurance 

- depreciation 

$0.29 $0.29 
0.12 0.12 
1.96 0.78 
0.68 0.34 
0.17 0.08 
0.92 0.39 
1.32 0.56 
0.34 0.17 
1.13 0.56 - - 

Total $6.93 $3.29 

1.39 

$8.32 $4.68 

- Mo Make-up and Penalty Costs 1.39 

TABLE 11. Capital and Manufacturing Costs for a Process to Recover Mo 
from a Residue Ash from a Coal Liquefaction Plant 

Basis: 20,000 TPD coal plant 
10% ash in coal 

2% Mo in ash 
95% Mo recovery 

Mo Plant Capital Cost: $31 MM 

Manufacturing Costs, $/lb Mo in Feed 

Raw Materials $1.19 
Utilities 0.83 
Labor 0.07 
Maintenance 0.07 

Payroll Overhead 0.05 
Indirect Costs 0.07 
Fixed Costs - taxes insurance 0.03 

- depreciation 0.12 

Total $2.45 

Mo Make-up Costs - 0.48 

$2.93 

Operating Supplies 0.02 
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DESULFURIZATION OF ORGANIC COW’OUNDS AND COAL-DERIVED 
LIQUIDS BY NOVEL TRANSITION METAL COMPLEXES 

John J. Eisch ,  Lawrence E .  Hal lenbeck  and Andrzej  P io t rowski  

Department of  Chemistry,  S t a t e  U n i v e r s i t y  of N e w  York a t  
Binghamton, Binghamton, N e w  York 13901 

I n t r o d u c t i o n  

I n  producing envi ronmenta l ly  a c c e p t a b l e  f u e l s  by c o a l  l i q u e f a c t i o n ,  t h e  removal 
of  o r g a n i c  s u l f u r -  and n i t r o g e n - c o n t a i n i n g  components from such coa l -der ived  l i q u i d s  
poses  a s e r i o u s  problem. E x i s t i n g  d e s u l f u r i z a t i o n  and d e n i t r o g e n a t i o n  methods gen- 
e r a l l y  r e q u i r e  e l e v a t e d  t e m p e r a t u r e s ,  h i g h p r e s s u r e s  of hydrogen and t h e  use  of  
heterogeneous c a t a l y s t s .  I f  e f f i c i e n t  methods f o r  he te roa tom removal could  b e  found, 
which are o p e r a t i v e  a t  lower t e m p e r a t u r e s  and p r e s s u r e s ,  then  a s i g n t f i c a n t  sav ing  
i n  p r o c e s s  equipment and energy  might  b e  r e a l i z e d  i n  p r e p a r i n g  c l e a n  f u e l s  from c o a l .  

I n  order  t o  d e s i g n  such improved d e s u l f u r i z a t i o n  and d e n i t r o g e n a t i o n  methods 
f o r  coal-der ived l i q u i d s ,  i t  i s  i m p o r t a n t  t o  l e a r n  about  t h e  exper imenta l  f a c t o r s  
t h a t  f o s t e r  t h e  c leavage  o f  c a r b o n - s u l f u r  and carbon-n i t rogen  bonds under  mild 
c o n d i t i o n s  (1). We have sought  r e a g e n t s  o r  c a t a l y s t s  t h a t  can  c l e a v e  such  bonds 
a t  atmospheric  p r e s s u r e ,  i n  t h e  t e m p e r a t u r e  range  of 25-125OC and i n  homogeneous 
media. The r e a g e n t s  chosen have been m e t a l  complexes of n i c k e l ,  c o b a l t ,  i r o n  and 
molybdenum, which a r e  m i s c i b l e  i n  o r g a n i c  s o l v e n t s ,  such  a s  t e t r a h y d r o f u r a n  and 
t o l u e n e .  A s  a reducing  a g e n t  o r  hydrogen s o u r c e ,  we have  employed t h e  t r a n s i t i o n  
m e t a l  complex i t s e l f ,  i n  a s u b v a l e n t  s ta te ,  o r  a m e t a l  h y d r i d e ,  such  a s  LiAlHb, 
R z A l H  o r  NaA1Et2H2. 

Before a p p l y i n g  such  r e a g e n t s  t o  coa l -der ived  l i q u i d s ,  w e  have e v a l u a t e d  
t h e i r  d e s u l f u r i z i n g  o r  d e n i t r o g e n a t i n g  a c t i o n  on a v a r i e t y  of  model compounds, 
whose s t r u c t u r e s  are s i m i l a r  t o  t h o s e  of  o r g a n o s u l f u r  o r  organoni t rogen  components 
found i n  c o a l  l i q u e f a c t i o n  p r o d u c t s .  The p r i n c i p a l  model s u l f u r  compounds under  
s t u d y  have been d ibenzoth iophene  (L), p h e n o t h i a z i n e  (z), phenoxath i in  (A), t h i a n -  
t h r e n e  (A), a r y l  mercaptans (3) , d i b e n z y l  s u l f i d e  (6) and d ibenzyl  d i s u l f i d e  (I). 
In our  d e n i t r o g e n a t i o n  s t u d i e s ,  which a r e  i n  a v e r y  e a r l y  s t a g e ,  we have  chosen 
c a r b a z o l e  (E), i n d o l e  (2) and q u i n o l i n e  (10) d e r i v a t i v e s  as model n i t r o g e n  compounds. 

I n  t h e  p r e s e n t  a r t i c l e  we wish  t o  d i s c u s s ,  i n  d e t a i l ,  o u r  f i n d i n g s  on  how 
e f f i c i e n t l y  n i c k e l ( 0 )  or c o b a l t ( 1 )  complexes can  d e s u l f u r i z e  d ibenzoth iophene  i n  
t e t r a h y d r o f u r a n  s o l u t i o n  a t  55OC. 
f a v o r i n g  the  c leavage  of carbon-su l fur  bonds. 
mechanism f o r  d e s u l f u r i z a t i o n  should  prove  h e l p f u l  i n  d e s i g n i n g  more a c t i v e  and 
e f f i c i e n t  d e s u l f u r i z i n g  a g e n t s  f o r  c o a l  l i q u i d s  (2) .  

EXPERIMENTAL 

T h i s  s t u d y  h a s  provided  i n s i g h t  i n t o  t h e  f a c t o r s  
Our unders tanding  of t h e  r e a c t i o n  

S t a r t i n g  Materials 
The organic  s u l f u r  compounds were o b t a i n e d  commercial ly  i n  a good g r a d e  of  

p u r i t y  o r  were s y n t h e s i z e d  by known procedures  and were r e c r y s t a l l i z e d  o r  p u r i -  
f i e d  by column chromatography, u n t i l  t h e i r  m e l t i n g  p o i n t s  and s p e c t r a  accorded  
w i t h  l i t e r a t u r e  v a l u e s .  B i s  (1 ,5-cyc looc tad iene)  n i c k e l ( 0 )  and 1 ,5-cyc looc tad iene  
(3-cyc looc tenyl )  c o b a l t  ( I )  were prepared  by m o d i f i c a t i o n s  of  r e p o r t e d  methods ( 3 , 4 )  ; 
commercial 2 , Z ’ b i p y r i d y l  was r e c r y s t a l l i z e d  from e t h y l  acetate t o  c o n s t a n t  m.p. 
of 71-73OC; t e t r a h y d r o f u r a n  and t o l u e n e  were p u r i f i e d  by h e a t i n g  a t  r e f l u x  o v e r  
sodium-potassium a l l o y  i n  t h e  p r e s e n c e  of some benzophenone. 

General  Techniques 

n i c k e l  complexes and t h e i r  r e a c t i o n  p r o d u c t s  were conducted under a n  atmosphere 
A l l  manipula t ions  involved  i n  t h e  p r e p a r a t i o n ,  s t o r a g e a n d  t r a n s f e r  o f  organo- 
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Of d r y  and oxygen-f ree argon.  
used i n  the  s e p a r a t i o n  and i d e n t i f i c a t i o n  of  t h e  r e a c t i o n  products  has  been des-  
c r i b e d  elsewhere ( 5 ) .  

The chromatographic  and s p e c t r a l  i n s t r u m e n t a t i o n  

Typica l  React ion Procedure 
A p a l e  yellow s o l u t i o n  

15 m l  o f  THF under a n  a rgon  
of  3 . 3  mmol o f  b i s  (1 ,5-cyc looc tad iene)  n i c k e l ( 0 )  i n  
a tmosphere w a s  t r e a t e d  w i t h  3 . 3  mmol o f  2 , 2 ' - b i p y r i d y l  - 

i n  5 m l  Of THF, whereupon t h e  s o l u t i o n  t u r n e d  t h e  v i o l e t - b l u e  c o l o r  of t h e  2,2'- 
b i p y r i d y l  (1 ,5-cyc looc tad iene)  n i c k e l ( 0 )  complex. The s o l u t i o n  w a s  then  t r e a t e d  
w i t h  1.6 mmol of t h e  s u l f u r  compound and t h e  tempera ture  main ta ined  between 4OoC and 
70°C f o r  24 t o  48 h .  The r e a c t i o n  m i x t u r e  was worked up i n  one of  two ways: e i t h e r  
g l a c i a l  a c e t i c  a c i d  w a s  added and t h e  mixture  s t i r r e d ;  o r  powdered LiAlH4 was added 
and t h e  mixture  a l lowed t o  s t i r  f o r  a t i m e .  
w a t e r  and e t h y l  e t h e r  was fo l lowed by s e p a r a t i n g  t h e  o r g a n i c  l a y e r ,  n e u t r a l i z i n g  i t ,  
if n e c e s s a r y ,  wi th  aqueous NaHC03 s o l u t i o n  and d r y i n g  o v e r  anhydrous Na2SOb. 
Removal of t h e  s o l v e n t  gave a r e s i d u e  t h a t  w a s  ana lyzed  by chromatographic  and 
s p e c t r a l  means. 

I n  e i t h e r  case, c a u t i o u s  a d d i t i o n  of 

I n  t h o s e  r e a c t i o n s  where a combinat ion of t h e  Ni(0)  or Co(1) complex and 
LiAlH4 was  used f o r  d e s u l f u r i z a t i o n ,  t h e s e  components were al lowed t o  i n t e r a c t  wi th  
each o t h e r  f o r  30 min. b e f o r e  t h e  o r g a n o s u l f u r  compound was added. 

RESULTS 

D e s u l f u r i z a t i o n  
Treatment of s u l f u r  h e t e r o c y c l e s  2-5 w i t h  two e q u i v a l e n t s  of a 1:l m i x t u r e  of 

b i s  (1 ,5-cyclooctadiene)  n i c e k l ( 0 )  [(COD)2Ni] and 2 ,2-b ipyr idyl  [bipy] g i v e s ,  upon 
work-up wi th  a c i d  or LiA1H4, p r e p o n d e r a n t l y ,  t h e  d e s u l f u r i z e d ,  r i n g - c o n t r a c t e d  
h e t e r o c y c l e s  60-70%, Equat ion 1 ) .  I n  c o n t r a s t ,  d ibenzoth iophene  (1) produced b i -  
phenyl  (11) i n  50% y i e l d  by work-up w i t h  g l a c i a l  a c e t i c  a c i d  b u t  i n  90% y i e l d  by 
work-up wi th  LiA1H4 (Equat ion 2 ) :  

E = O,NH,S 

11 - 
1: E = 0-bond 
2: E = NH 
3:  E = O  
4 : E = S  

- 
- 
- 
- 

1. Amine A c t i v a t i o n .  The c o n t a c t  of ( C O D ) Z N i  a l o n e  wi th  d ibenzoth iophene  
i n  warm THF causes  l i t t l e  or no d e s u l f u r i z a t i o n .  The a c t i o n  of  two e q u i v a l e n t s  
each of  (COD)2Ni and a n  amine b r i n g s  about  maximum d e s u l f u r i z a t i o n ,  under  t h e  
c o n d i t i o n s  and work-up procedure  g iven  i n  Equat ion 2 .  The i n f l u e n c e  of  t h e  amine 
R3N,  on t h e  e x t e n t  of d e s u l f u r i z a t i o n  is p r e s e n t e d  i n  T a b l e  I .  
t h a t  b i p y r i d y l  (12) is  t h e  most e f f e c t i v e  amine, s i g n i f i c a n t l y  s u p e r i o r  t o  
phenanthro l ine  (E). S i n c e  p h e n a n t h r o l i n e  has  a r i g i d l y  p l a n a r  s t r u c t u r e ,  e n t r o p y  
f a c t o r s  should be less than  w i t h  12. P o s s i b l y ,  however, t h e  i n c r e a s e d  back-bonding 
from n i c k e l  complexed w i t h  13 c a u s e s  t h e  n icke l -phenanthro l ine  complex t o  t r a n s f e r  
e l e c t r o n s  fo t h e  o r g a n o s u l f u r  s u b s t r a t e  less r e a d i l y .  In a d d i t i o n ,  t h e  g r e a t e r  
b a s i c i t y  of t h e  amine is impor tan t  (cf. 4-dimethylaminopyridine and p y r i d i n e ) ,  as 
i s  s t e r i c  h indrance  a t  t h e  n i t r o g e n  (cf. e thylenediamine  and t e t r a m e t h y l e t h y l e n e -  
d iamine) .  

I t  is noteworthy 

1 2  - 

I 

13 - 
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TABLE I 

Desulfurization of Dibenzothiophene by (COD)?Ni and an Amine 

Amine Yield of Biphenyl (%) 

2,2'-Bipyridyl 
4-Dimethylaminopyridine 
Ethylenediamine 
1,lO-Phenanthroline 
Pyridine 
Hexamethylphosphorus triamide 
N,N,N',N'-Tetramethylethylenediamine 
1,8-Bis-dimethylaminonaphthalene 
N,N'-Dimethylpiperazine 
No amine added 

45 
21 
17 
16 
14 
14 
8 
7 
4 
1 

Conditions: 55OC for 48 h with 2 equiv. of (COD)zNi, 
work-up of HOAc 

2. Coordination at the Nickel Atom. When oneequivalent of dibenzothio- 
phene is heated with one equivalent each of (C0D)zNi and bipyridyl under the 
conditions given above, only 11% of biphenyl is formed. Moreover, when a 1:2:2 
mixture of dibenzothiophene, (COD)2Ni and bipyridyl (cf. supra) is augmented by 
one or more additional equivalents of bipyridyl, the conversion to biphenyl falls 
from 45% (Table I) to under 10%. Thus, two equivalents of the nickel(0) complex 
whose metal centers have available coordination sites, seem best-suited for a 
facile reaction with dibenzothiophene. 

It is known that (COD)2Ni and bipyridyl react to form (COD)Ni(bipy) (14) (6) 
From the above results, then, it is suggested that 14 complexes with 1: to yield 
(1) Ni(bipy); any additional12 could compete with 1: for 3. 

3 .  Intermediates in Desulfurization. The rupture of the carbon-sulfur bond 
can be represented as an oxidative addition by nickel(O), whereby nickel(II), both 
as NiS and as Is, is formed. Evidence for these products is the following: a) 
nickel(I1) sulfide manifests itself as a black precipitate as the reaction proceeds; 
this precipitate dissolves in glacial acetic acid or rather concentrated aqueous HC1 
to evolve H2S; and b) evidence for organonickel intermediates, such as 15, comes 
from work-up of the reaction with 0-deuterioacetic acid; the resulting biphenyl con- 
tained 42% of 2,2'-dideuteriobiphenyl, 28% of 2-deuteriobiphenyl and 29% of un- 
deuterated biphenyl (equation 3 ) .  The deuterated biphenyls point to the presence 
of 2 and 16, respectively. 

rJiL 

1 - 
dipy 
15 - 16 - 

Thus, about half the biphenyl's ortho positions were bonded to nickel pri'or to pro- 
tolysis; prior to work-up, the other half had acquired protons,presumably from the 
solvent, tetrahydrofuran. 

4. Effect of Substituents on the Ease of Desulfurization.. To learn the ef- 
fect of substituents, we first attempted to conduct competition experiments between 
dibenzothiophene and individual substituted derivatives. However, complexation of 
the nickel caused mutual retardation of desulfurization and low conversion even for 
dibenzothiophene itself. Consequently, we had to resort to a comparison of the 
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extents of desulfurization for individual compounds under our standard conditions 
(2 equiv. of (C0D)ZNi in THF for 48h at 55'~). 
From these data we can conclude that methyl groups markedly retard the desulfuriza- 
tion: the retardation is greatest with methyl groups at the 3- and 7-positions, 
and one methyl group at the 2-position is about as retarding as methyl groups at 
both the 2- and 8-positions. 

The results are given in Table 11. 

When these desulfurization reactions were worked up with 0-deuterioacetic acid, 
the resulting biaryls were significantly less deuterated when methyl groups were 
attached t o  the ring. 
gave 3,3'-bitolyl that was 7.8% dideuterated, 1.3% mono deuterated and 90.9% un- 
deuterated. 
that was 2.9% dideuterated, 23.8% monodeuterated and 73.3% undeuterated. 

Thus, work-up of the 2,8-dimethyldibenzothiophene reaction 

Similar work-up of 2-methyldibenzothiophene gave 3-methylbiphenyl 

TABLE I1 

Desulfurization of Dibenzothiophenes by (COD)7Ni and Bipyridyl 

Yield of Substituted 
Compound Biphenyl (%) 

Parent DBT (L) 
2,8-Dimethyl DBT 
2-Methyl DBT 
3,7-Dime thy1 DBT 

45 
12 
12 
< 5  

The decreasing eafie with which methylated dibenzothiophenes undergo desul- 
furization is consistent with the importance of  electron transfer. 

\ Hydrodesulfurization 
An even more potent desulfurizing agent resulted from combining (COD)ZNi, 

bipyridyl and LiAlH,,. 
combination into open-chain products, namely biphenyl, diphenylamine, diphenyl 
ether and benzene respectively (cf. Equation 1). 

1. Amine Activation. Dibenzothiophene in tetrahydrofuran was treated at 
55OC €or 48 h with two equivalents each of (COD)ZNi, LiAlHk and the amine. 
yields of biphenyl obtained after protolytic work-up are listed in Table 111. 
From these results it is clear that the LiAlHq-containing reagent is a more power- 
ful desulfurizing agent that the combination of (C0D)ZNi and an amine alone. With 
LiAlH4 present, the activity of the reagent is not so sensitive to the nature of 
the amine. Although bipyridyl again activates most strongly, most of the amines 
show a comparably good activation. 

All the sulfur heterocycles L-5 were converted by this 

The 

TABLE I11 

Desulfurization of Dibenzothiophene by (COD)?Ni, LAH and an Amine 

- Amine Yield of Biphenyl (%) 

2,2'-Bipyridyl 
Ethylenediamine 
Hexamethylphosphorus triamide 
N,N,N',N'-Tetramethylenethylenediam€ne 
Pyridine 
N,N'-Dimethylpiperazine 
1,lO-Phenanthroline 
4-Dimethylaminopyridine 

93 
91 
86 
79 
75 
74 
67 
51 

2. Labeling Studies. To learn something about the intermediates 
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i nvo lved  i n  these d e s u l f u r i z a t i o n s ,  deuter ium-labe led  h y d r i d e  and p r o t o n  sources  
were used. When LiAlD4 was employed and work-up invo lved  o r d i n a r y  a c e t i c  a c i d ,  
t h e  r e s u l t i n g  b ipheny l  w a s  14% d i d e u t e r a t e d ,  25% monodeuterated and 60% undeuter -  
a t e d .  When LiAlH4 was used b u t  t h e  work-up employed 0 - d e u t e r i o a c e t i c  a c i d ,  t h e  
b ipheny l  ob ta ined  c o n s i s t e d  of 94% undeu te ra t ed ,  2% monodeuterated and 3% d ideu te r -  
a t e d  product .  The re fo re ,  on ly  about  4% of t h e  b i p h e n y l  acqu i r ed  i t s  p ro ton  from 
CH3COOD; and abou t  22% o f  t h e  b ipheny l  ob ta ined  i t s  hydrogen from t h e  LiAlH4. 
Accord ingly ,  a b o u t  15% of t h e  b i p h e n y l  ob ta ined  its hydrogen from t h e  r e a c t i o n -  
medium, presumably from t h e  t e t r a h y d r o f u r a n .  

3. D e s u l f u r i z a t i o n  w i t h  N i c k e l ( I 1 )  S a l t s  and Meta l  Hydr ides .  I n  a t t empt s  t o  
g e n e r a t e  in s i t u  n i c k e l ( 0 )  complexes s u i t a b l e  f o r  d e s u l f u r i z a t i o n ,  two equ iva len t s  
each  of n i c k e l ( I 1 )  a c e t y l a c e t o n a t e  and b i p y r i d y l  were t r e a t e d  w i t h  LiAlH4 o r  
i-BuZAlH. The conve r s ions  of d ibenzoth iophene  t o  b ipheny l  ranged from 35-40%. 
Thus,  a modera te ly  a c t i v e  d e s u l f u r i z i n g  a g e n t  can  b e  g e n e r a t e d  i n  s i t u .  

4 .  Cobal t  Complexes. The hydrocarbon-so luble  complex, 1 ,5 -cyc looc tad iene  
(3 -cyc looc teny l ) coba l t  (E), w a s  s y n t h e s i z e d  and i t s  a c t i o n  on d ibenzoth iophene  
s t u d i e d  (Table IV).  From t h i s ,  w e  conclude  t h a t  COD(CeH13)Co w i t h  b i p y r i d y l  is 
n o t  as e f f e c t i v e  as (C0D)ZNi w i t h  b i p y r i d y l .  
b ined  w i t h  LiA1H4 i s  a s  good a s ,  even p o s s i b l y  b e t t e r  t h a n ,  (COD)2Ni w i t h  LiA1H4. 
Fur thermore ,  w i t h  t h e  c o b a l t  complex, b i p y r i d y l  is  n o t  necesa ry  and i n  f a c t  r e t a r d s  
t h e  d e s u l f u r i z a t i o n .  

On t h e  o t h e r  hand ,  COD(C8H13)Co com- 

TABLE I V  

D e s u l f u r i z a t i o n  o f  Dibenzoth iophene  withCOD (CRH, ?) Co 

Reagent Cond i t ions  Y i e l d  of Biphenyl  (%) 

COD(C8H13)Co 1 equ iv .  5 
COD(C,H13)Co 2 equ iv .  10 
COD(C8H13(Co 1 equ iv .  + b i p y r i d y l  10 
COD(C8H13)Co 2 e q u i v .  + 2 equ iv .  of b i p y r i d y l  18 
COD(C8H13)Co 1 equ iv .  + 1 equ iv .  each  of 60 

COD(C8H13)Co 2 equ iv .  + 2 equ iv .  each  of 87 
b i p y r i d y l  and LIAlH,, 

b i p y r i d y l  and LiAlH4 
COD(CaH13)Co 2 equ iv .  + 2 equ iv .  L i A l H 4  97 

5.  Other Metals. Thus f a r ,  cyc lopen tad ieny l  d e r i v a t i v e s  o f  i r o n ,  t i t a n i u m  and 
molybdenum, when combined wi th  LiAlH,,, show l i t t l e  d e s u l f u r i z i n g  a c t i v i t y  (-5%) 
toward d ibenzoth iophene .  
d i d  y i e l d  -15-20% o f  b ipheny l .  

A combina t ion  of MoC15 and i-Bu2AlH i n  r e f l u x i n g  to luene  

6. Coal-derived L iqu ids .  P re l imina ry  s t u d i e s  on  d e s u l f u r i z i n g  Solvent -  
Refined-Coal l i q u i d s  have  shown t h a t  t h e  (COD) Ni-bipyridyl-LiAlH4 r e a g e n t  i n  THF 
can  r educe  t h e  o r g a n i c  s u l f u r  c o n t e n t  s i g n i f i c a n t l y  (0.5%+9.3%). Reac t ion  condi- 
t i o n s  have  no t  y e t  been opt imized .  

DISCUSSION 

I n  any d i s c u s s i o n  of r e a c t i o n  mechanisms f o r  d e s u l f u r i z a t i o n s  by t h e s e  n i c k e l  
r e a g e n t s ,  it is c l e a r  t h a t  d i f f e r e n t  pathways must be proposed f o r  t h e  c y c l i z i n g  
d e s u l f u r i z a t i o n  (Equat ion  1) and t h e  h y d r o d e s u l f u r i z a t i o n  p rocesses  (Equat ion  2 ) ,  
r e s p e c t i v e l y .  
cannot  b e  a s s igned  wi th  any conf idence  u n t i l  t h e  s t o i c h i o m e t r y  of  t h e  s e p a r a t e  
r e a c t i o n s  of t h e  hydr ide  w i t h  bo th  (C0D)ZNi and wi th  b i p y r i d y l  h a s  been de termined .  
A p r e l i m i n a r y  s u g g e s t i o n  has  been  pub l i shed  t h a t  t h e  h y d r i d e  and (COD)zNI can  form 

I n  t h e  l a t t e r  r e a c t i o n ,  t h e  r o l e  o f  t h e  l i t h i u m  aluminum hydr ide  
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a Complex of t h e  type ,  Li[H3AINiAIH3], b u t  s u p p o r t i n g  d a t a  are u n a v a i l a b l e  (7). 
For t h e  p r e s e n t ,  t h e r e f o r e ,  a t t e n t i o n  w i l l  be  devoted t o  t h e  hydr ide- f ree  n i c k e l  
r e a g e n t ,  (COD) g N i  and b i p y r i d y l .  

The S t r i k i n g  c o l o r  change when a ye l low s o l u t i o n  of  (COD)2Ni i s  t r e a t e d  w i t h  
b i p y r i d y l  can be a s s i g n e d  t o  t h e  f o r m a t i o n  of t h e  deep b l u e - v i o l e t  2 ,2 ' -bipyridyl  
1 ,5-cyclooctadiene)  n i c k e l ( 0 )  complex (E), as demonstrated by t h e  p r o t o n  magnet ic  
resonance  spectrum of  t h e  complex, which shows o n l y  one  o l e f i n i c  bond c o o r d i n a t e d  
w i t h  t h e  n i c k e l  ( 6 ) .  Complex 3, t h e  a c t i v e  d e s u l f u r i z i n g  a g e n t  i n  t h e  aforemen- 
t i o n e d  processes ,  would appear  t o  f u n c t i o n  i n  many of i t s  r e a c t i o n s  as an e l e c t r o n -  
t r a n s f e r  reagent .  
1) deoxygenat ion of c e r t a i n  epoxides  t o  o l e f i n s  occurs  i n  a n o n s t e r e o s e l e c t i v e  man- 
n e r  (8);  2 )  dehalogenat ion  of  @ , @ , @ - t r i p h e n y l e t h y l  bromide o c c u r s ,  i n  p a r t ,  w i t h  re- 
arrangement  t o  a , @ , @ - t r i p h e n y l e t h y l  r a d i c a l s  (9 ) ;  and 3) t h e  a c c e l e r a t i n g  e f f e c t  of 
donor s o l v e n t s  on t h e  c leavage  r e a c t i o n s  of  14 is i n  accord  w i t h  such  e l e c t r o n  t r a n s -  
f e r  (8). 

S e v e r a l  l i n e s  of ev idence  s u p p o r t  such a mode of a c t i o n  f o r  3: 

I n  t h e  p r e s e n t  d e s u l f u r i z a t i o n  s t u d i e s  t h e  r i n g  c o n t r a c t i o n  observed when phen- 
o x a t h i i n ,  phenoth iaz ine  or t h i a n t h r e n e  is t r e a t e d  w i t h  bipy(C0D)Ni (14) can b e  under- 
s t o o d  as an i n s t a n c e  of  such  e l e c t r o n  t r a n s f e r  (Equat ion 4 ) :  

2-4 

The c leavage  of open-chain s u l f u r  compounds can  a l s o  be viewed i n  terms of  
e l e c t r o n  t r a n s f e r :  by e i t h e r  c leavage  of t h e  d i s u l f i d e  by n i c k e l ( 0 )  o r  by r e a c t i o n  
of  t h e  mercaptan w i t h  n i c k e l ( O ) ,  c a n  b e  formed (Equat ion 5 ) :  

15 - 

+ F u r t h e r  e l e c t r o n  t r a n s f e r  t o  15, fo l lowed by 
c leavage  o f  t h e  weak b e n z y l i c - s u l f u r  bond,  would 
y i e l d  r a d i c a l s  whose combinat ion or hydrogen ab- (CgH5CH2 * )  
s t r a c t i o n  from t h e  medium could  l e a d  t o  t h e  
observed products ,  C G H ~ C H ~ S C H ~ C ~ H ~ ,  C ~ H ~ C H ~ C H ~ C G H ~  and C G H ~ C H ~ .  I n  a n  analogous 
manner, d ibenzyl  s u l f i d e  would b e  expec ted  t o  undergo f a c i l e  c leavage  t o  t h e  
r a d i c a l ,  C ~ H ~ C H Z . ,  v i a  a n  e l e c t r o n - t r a n s f e r - i n d u c e d  s c i s s i o n .  

As mentioned a t  t h e  s t a r t  of  t h i s  s e c t i o n ,  t h e  i l l - d e f i n e d  n a t u r e  of t h e  
(COD) Ni-bipyridyl-LiAIH4 agent  makes any d e t a i l e d  m e c h a n i s t i c  d i s c u s s i o n  of  
i ts a c t i o n  i n a p p r o p r i a t e  a t  t h i s  t i m e .  However, c e r t a i n  c h a r a c t e r i s t i c s  of  t h e  
LiALH4-containing d e s u l f u r i z i n g  a g e n t  are worthy of comment. When LiAID4 is  
employed wi th  14 f o r  d e s u l f u r i z i n g  d ibenzoth iophene ,  no  deuter ium is found i n  t h e  
b i p h e n y l  produced. These r e s u l t s  c l e a r l y  show t h a t  t h e  hydrogen s o u r c e  i n  such  a 
h y d r o d e s u l f u r i z a t i o n  is t h e  medium. 
t r a n s f e r  i n  r e l a t e d  n i c k e l  sys tems,  it is  s u g g e s t e d  t h a t  t r a n s i t o r y  a r y l  r a d i c a l s  
r a p i d l y  a b s t r a c t  hydrogen from t h e  t e t r a h y d r o f u r a n .  

I n  l i g h t  of o t h e r  ev idence  on e l e c t r o n -  

The uni fy ing  f e a t u r e  of t h e s e  d e s u l f u r i z a t i o n  and h y d r o d e s u l f u r i z a t i o n  
p r o c e s s e s ,  t h e r e f o r e ,  appears  t o  be  t h e  o p e r a t i o n  of an e l e c t r o n - t r a n s f e r  mech- 
anism.  The low-valent n i c k e l  o r  c o b a l t  c e n t e r  can  b e  induced t o  t r a n s f e r  e l e c t r o n s  
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t o  t h e  a r o m a t i c  s u l f u r  compound by i n c r e a s i n g  t h e  metal a tom's  e l e c t r o n  d e n s i t y  by 
c o o r d i n a t i n g  h y d r i d e ,  amine o r  e t h e r  donors  t o  i t .  Such e l e c t r o n  t r a n s f e r  then  
sets t h e  s t a g e  f o r  carbon-su l fur  bond s c i s s i o n .  
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The p o s s i b l e  r o l e  o f  f r e e  r a d i c a l s  i n  t h e  mechanism of coa l  l i q u e -  
f a c t i o n  has been a s u b j e c t  o f  much i n t e r e s t  t o  coa l  researchers  (1-4).  Free 
r a d i c a l s  have been measured i n  c o a l s  and t r e a t e d  c o a l s  f o r  many y e a r s  (5 )  and 
more r e c e n t l y  have been measured i n  coa l  l i q u e f a c t i o n  f r a c t i o n s  (6, 7) and 
s l u r r i e s  a f t e r  l i q u e f a c t i o n  (8, 9) .  We have r e c e n t l y  developed t h e  c a p a b i l i t y  

~ t o  measure f r e e  r a d i c a l  c o n c e n t r a t i o n s  i n  coa l  1 i q u e f a c t i o n  processes  f rom a 
few minutes  a f t e r  t h e  s l u r r y  has reached r e a c t i o n  tempera ture .  The r e s u l t s  of  
i n  s i t u  f r e e  r a d i c a l  measurements on Powhatan #5 coa l  have been r e p o r t e d  (10- 
13) .  We r e p o r t  he re  t h e  l i q u e f a c t i o n  y i e l d s  f rom t h e s e  and p a r a l l e l  a u t o c l a v e  

6 s tud ies ,  t h e  s t a t i s t i c a l  model used t o  ana lyze  bo th  t h e  f r e e  r a d i c a l  concen- 
t r a t i o n s  and t h e  y i e l d s  as w e l l  as a k i n e t i c  model o f  coa l  l i q u e f a c t i o n  i n  
which measured f r e e  r a d i c a l s  a r e  i n c l u d e d  as i n te rmed ia tes .  

The exper imenta l  d e t a i l s  have been g i ven  i n  e a r l i e r  papers  (10). 
Powhatan #5 coal  was used th roughou t  t h e s e  exper iments .  The i n  s i t u  measure- 
ment o f  f r e e  r a d i c a l s  was done i n  a s p e c i a l l y  f a b r i c a t e d  h igh - tempera tu re ,  
h igh -p ressu re  ESR c a v i t y  (14, 15).  A ba tch  a u t o c l a v e  system was used when 
l a r g e r  amounts o f  sample were d e s i r e d  f o r  e x t e n s i v e  a n a l y s i s  of  t h e  l i q u e f a c -  
t i o n  produc ts .  O i l ,  aspha l tene,  and p reaspha l tene  y i e l d s  were de termined by 
exhaus t i ve  Soxh le t  e x t r a c t i o n  o f  t h e  1 i q u e f a c t i o n  s l u r r y  f rom b o t h  i n  s i t u  
c a v i t y  and t h e  shaken au toc lave .  

The r e s u l t s  o f  t h e  i n  s i t u  f r e e  r a d i c a l  measurements on Powhatan # 5  
l i q u e f i e d  under a wide v a r i e t y  o f  c o n d i t i o n s  have been r e p o r t e d  (11).  Ten- 
pe ra tu re ,  s o l v e n t ,  and res idence  t i m e  were found t o  be t h e  most impor tan t  
v a r i a b l e s  a f f e c t i n g  t h e  f r e e  r a d i c a l  c o n c e n t r a t i o n  d u r i n g  t h e  1 i q u e f a c t i o n  o f  
Powhatan #5 coa l .  Gas t ype ,  p ressure ,  and h e a t i n g  t i m e  were found t o  be l e s s  
impor tan t .  These r e s u l t s  have been e x p l a i n e d  i n  te rms o f  t h e  hydrogen- 
d o n a t i n g  a b i l i t y  (hyd roa romat i c  c o n t e n t )  o f  t h e  s o l v e n t s  and t h e  l a r g e r  quan- 
t i t y  o f  energy a v a i l a b l e  f o r  bond breakage a t  h i g h e r  tempera tures .  The 
v a r i o u s  e f f e c t s  of  t h e  v a r i a b l e s  on t h e  s p i n  c o n c e n t r a t i o n  d u r i n g  l i q u e f a c t i o n  
have been q u a n t i f i e d  by use of  a s t a t i s t i c a l  model (13).  

L i q u e f a c t i o n  y i e l d  was de termined i n  about one hundred i n  s i t u  ESR 
and au toc lave  exper iments .  I n  t h e  t e t r a 1  i n  so l  ven t  exper iments ,  conve rs ion  
i nc reases  w i th  t i m e  f o r  a l l  t empera tu res  u p  t o  480°C where a s l i g h t  decrease 
i s  no ted  a t  t h e  l o n g e s t  r e a c t i o n  t i m e ,  40 minu tes .  O i l  y i e l d s  i n c r e a s e  w i t h  
t i m e  f o r  a l l  r e a c t i o n  tempera tures .  O i l  i s  t h e  predominant component o f  t h e  
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convers ion  y i e l d  a t  a l l  t empera tu res  g r e a t e r  t h a n  400OC. A t  400"C, t h e  y i e l d s  
of a l l  of t h e  components a r e  s i m i l a r .  As can be seen i n  F i g u r e  1, preaspha l -  
t e n e  y i e l d  decreases w i th  t ime ,  and aspha l tene  y i e l d  decreases s l i g h t l y .  It 
would appe'ar, s i n c e  convers ion  does n o t  i n c r e a s e  s i g n i f i c a n t l y  between 10 and 
40 minutes  a t  450 o r  460" and decreases a t  480"C, t h a t  t h e  o i l  i s  produced 
from t h e  p reaspha l tene  o r  aspha l tene  f r a c t i o n s ,  as has been suggested i n  t h e  
l i t e r a t u r e  (16). When naph tha lene  i s  used as t h e  l i q u e f a c t i o n  s o l v e n t ,  over- 
a l l  convers ion ,  aspha l tene,  and o i l  y i e l d s  a r e  found t o  i n c r e a s e  w i t h  r e a c t i o n  
t i m e s  f o r  a l l  o f  t h e  tempera tu res ,  a l t hough  somewhat more s h a r p l y  a t  t h e  lower  
tempera tures  between 3 and 10 minutes  r e a c t i o n  t ime .  Preaspha l tene y i e l d s  
decrease somewhat w i th  r e a c t i o n  t i m e  a t  440°C and above. It would appear t h a t  
a t  t h e  lower  tempera tures ,  r e a c t i o n  i s  r e l a t i v e l y  i ncomp le te  and t h a t  more 
t i m e  i s  needed f o r  p roduc t  f o rma t ion .  

s i  on 
440°C 

When SRC-I1 heavy d i s t i l l a t e  i s  used as t h e  s o l v e n t ,  o v e r a l l  conver-  
i nc reases  w i t h  t i m e  a t  400"C, i s  f a i r l y  c o n s t a n t  w i th  t i m e  a t  425 and 

', decreases w i t h  t i m e  a t  450"C, and decreases s h a r p l y  w i t h  t i m e  a t  460 
and 480°C. Below 440°C t h i s  i nc reased  r e a c t i o n  t i m e  f a v o r s  convers ion ,  a t  
450" and above, c o k i n g  r e a c t i o n s  a r e  f a v o r e d  a t  l o n g e r  res idence  times. 
Longer res idence  t i m e s  i n c r e a s e  o i l  p r o d u c t i o n  a t  440°C and l o w e r  tempera tures  
b u t  decrease o i l  p r o d u c t i o n  a t  h i g h e r  tempera tures .  

As a r e f e r e n c e  f o r  t h e  l i q u e f a c t i o n  da ta  o b t a i n e d  w i t h  t h e  s o l v e n t s ,  
t h e  y i e l d s  were measured from t h e  l i q u e f a c t i o n  o f  Powhatan #5 coa l  w i thou t  
s o l v e n t  f o r  40 minu tes  i n  1600 p s i g  o f  H2 gqs. The o v e r a l l  conve rs ion  i s  low, 
about  22%, w i t h  t h e  v a s t  m a j o r i t y  o f  i t  b e i n g  o i l .  A b l a n k  run  u s i n g  SRC-I1 
heavy d i s t i l l a t e  was done t o  check f o r  thermal  deg rada t ion  o f  t h e  so l ven t .  
A f t e r  shak ing  f o r  40 minu tes  a t  460°C and w i t h  1600 p s i g  H2, more t h a n  98% o f  
t h e  SRC-I1 heavy d i s t i l l a t e  was pentane s o l u b l e .  

The S e v e r i t y  Parameter.  N o t i n g  t h e  apparent  t r a d e - o f f  between t ime 
and tempera ture ,  i .e. , 1 ong res idence  t i m e s  a t  1 ower tempera tu re  produce 
y i e l d s  e q u i v a l e n t  t o  s h o r t  res idence  t i m e s  a t  h i g h e r  tempera tures  i n  many 
cases, t h e  concept  o f  " r e a c t i o n  s e v e r i t y "  as a comb ina t ion  o f  t h e s e  v a r i a b l e s  
appeared t o  be a p o t e n t i a l l y  u s e f u l  parameter.  S e v e r i t y ,  t h e  combina t ion  of  
res idence  t i m e  and tempera ture ,  i s  a r b i t r a r i l y  d e f i n e d  as t h e  sum o f  2 t imes  
t h e  res idence t i m e  i n  m inu tes  and t h e  tempera tu re  i n  degrees c e n t i g r a d e  minus 
400. For example, 440°C and 40 minu te  r e s i d e n c e  t i m e  would be  a s e v e r i t y  o f  
2 x 40 + (440 - 400) o r  120. 

F i g u r e s  2 and 3 a r e  p l o t s  o f  o v e r a l l  conve rs ion  as a f u n c t i o n  o f  
s e v e r i t y  f o r  t h e  t h r e e  s o l v e n t s .  For t h e  t e t r a l i n  exper iments  ( F i g u r e  Z ) ,  
convers ion  i n c r e a s e s  as a f u n c t i o n  o f  s e v e r i t y  w i th  ev idence o f  decrease on ly  
a t  t h e  h i g h e s t  l e v e l  o f  s e v e r i t y .  The naph tha lene  da ta  show s i m i l a r  behav io r .  
The SHD l i q u e f a c t i o n  convers ion  da ta ,  however, show a d i s t i n c t  downturn i n  
convers ion  a t  s e v e r i t y  l e v e l s  ove r  100, i n d i c a t i n g  t h a t  r e t r o g r e s s i v e  o r  
cok ing - t ype  r e a c t i o n s  a r e  i m p o r t a n t  a t  l o n g e r  r e s i d e n c e  t i m e  and a t  h ighe r  
tempera tu res  ( F i g u r e  3). There appears t o  be  a b road  maximum i n  convers ion  a t  
i n t e r m e d i a t e  s e v e r i t y  when SHD i s  t h e  l i q u e f a c t i o n  s o l v e n t  as opposed t o  
t e t r a l i n  or naphtha lene.  O i l  y i e l d  and aspha l tene  y i e l d  were a l s o  ana lyzed as 
a f u n c t i o n  o f  s e v e r i t y  and w i l l  be d i scussed  i n  t h e  t a l k .  
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C o r r e l a t i v e  Models f o r  Conversion. The l i q u e f a c t i o n  d a t a  f rom these 
exper iments  were a l s o  ana lyzed  by a l i n e a r  r e g r e s s i o n  model. The y i e l d s  were 
expressed i n  tenns o f  o i l s ,  o i l s  + aspha l tenes ,  and t o t a l  conve rs ion  ( o i l s  + 
aspha l tenes  + p reaspha l tenes ) .  The y i e l d s  f o l l  CM an e x p o n e n t i a l  g rowth  o r  
decay Pa t te rn .  The model con ta ined  exponen t ia l  t ime ,  tempera ture ,  and pres- 
Sure terms e s s e n t i a l l y  t h e  same as t h o s e  t e r m  desc r ibed  i n  a p r e v i o u s  paper 
(13).  It i s  
impor tan t  t o  p o i n t  ou t  t h a t  each t e r m  i n v o l v e s  an i n t e r a c t i o n  between a t  l e a s t  
two v a r i a b l e s .  

The o v e r a l l  s t a t i s t i c s  show t h a t  s o l v e n t  i s  q u i t e  i m p o r t a n t  and 
ranks second t o  res idence  t i m e  i n  s i g n i f i c a n c e .  The s o l v e n t  * t i m e  i n t e r a c -  
t i o n  t i m e  (ZTIME * SOLVENT) g e n e r a l l y  ranks  as t h e  most s i g n i f i c a n t  i n t e r a c -  
t i o n  i n  t h e  model. The t i m e  * tempera tu re  terms (ZT o r  ZTT) a r e  s i g n i f i c a n t  
f o r  t h e  o i l  and t o t a l  conve rs ion  (conv)  models. These te rms a r e  n o t  s i g n i f i -  
can t  a t  a l l  f o r  t h e  ASPH (aspha l tenes  + o i l s )  model. Other  v a r i a b l e s  such as 
gas t y p e  and p ressu re  (ZTIME * GAS, ZP, ZTP) never  ach ieve  s i g n i f i c a n c e .  T h i s  
i s  c o n s i s t e n t  wi th t h e  p r e v i o u s  f i n d i n g s  f o r  t h e  measured s p i n  c o n c e n t r a t i o n  
model (13). 

The a n a l y t i c  fo rm o f  each t e r m  i n  t h e  model i s  shown i n  Tab le  I. 

Covar iance Model o f  Free R a d i c a l s  and To ta l  Conversion. Based on 
t h e  s t r o n g  s i m i l a r i t y  i n  t h e  f u n c t i o n a l  forms o f  t h e  r a d i c a l  and convers ion  
models, we have de tern i ined models f o r  t h e  v a r i o u s  lumped convers ions  i n  terms 
of s p i n  c o n c e n t r a t i o n  (CSCON) and v a r i o u s  i n t e r a c t i o n s  between s p i n  concen t ra -  
t i o n  and so l ven t ,  gas, t m p e r a t u r e ,  and CSCON i t s e l f .  Each y i e l d  ( o i l ,  
aspha l tenes  + o i l ,  t o t a l  conve rs ion )  i s  expressed i n  t h e  f o l l o w i n g  form: 

I +  

Y i e l d  = C1*CSCON + C2*CSCON*SOLVENT + C3*SCSON*GAS 

+ C4*CSCON*DTEMP + CS*CSCON*CSCON 

wh e I i s  an i n t e r c e p t  term, CSCON i s  t h e  c o r r e c t e d  s p i n  c o n c e n t r a t i o n  x 
lo", OTEMP i s  tempera ture ,  and SOLVENT and GAS r e f e r  t o  s o l v e n t  and gas 
types .  

The s t a t i s t i c s  (Tab le  11) show t t CSCON i s  t h e  most s i g n i f i c a n t  
s i n g l e  v a r i a b l e .  However, n o n - l i n e a r  CSCON and CSCON * SOLVENT i n t e r a c t i o n  
e f f e c t s  a r e  a l s o  q u i t e  impor tan t .  The s p i n  c o n c e n t r a t i o n  te rm a lone  accounts 
f o r  a l a r g e  f r a c t i o n  of  t h e  o v e r a l l  sum of squared y i e l d  va lues .  It shou ld  be 
n o t e d  t h a t  CSCON i s  n o t  an independent  v a r i a b l e ,  b u t  depends on s o l v e n t ,  gas, 
tempera ture ,  and t ime .  The c o r r e l a t i o n  models show t h a t  t h e  growth  o f  t h e  
s p i n  c o n c e n t r a t i o n  c o r r e l a t e s  very  s t r o n g l y  w i t h  t h e  observed y i e l d  growth 
curves .  By s t a t i s t i c a l  t echn iques ,  i t  i s  p o s s i b l e  t o  de te rm ine  more funda- 
menta l  r e a c t i o n  r a t e  exp ress ions  r e l a t i n g  s p i n  c o n c e n t r a t i o n s  t o  p roduc ts ,  t o  
map ou t  p l a u s i b l e  r e a c t i o n  pa ths ,  and de te rm ine  t h e  r a t e  c o n s t a n t s .  

Development o f  C o r r e l  a t i v e  Model s for  Each Convers ion  Species.  The 
f i r s t  s t e p  was t o  de termine c o r r e l a t i o n  models i n  te rms o f  t h e  f o u r  s o l u b i l i t y  
f r a c t i o n  produc ts :  o i l s ,  aspha l tenes ,  preasphal  tenes ,  and THF i n s o l u b l e s .  
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E s s e n t i a l l y  t h e  same te rms were used t o  c o r r e l a t e  t h e s e  p roduc ts  as were used 
i n  t h e  lumped models. The s t a t i s t i c s  show t h a t  t h e  t i m e  * s o l v e n t  and t ime  * 
tempera tu re  i n t e r a c t i o n s  a r e  s i g n i f i c a n t .  The i n t e r a c t i o n s  between tempera- 
t u r e  and res idence  t i m e  a r e  c l e a r l y  shown by means of con tou r  p l o t s  i n  which 
s p i n  concen t ra t i on ,  o i l  y i e l d ,  o r  t o t a l  conve rs ion  l e v e l s  a r e  p l o t t e d  w i t h  
tempera tu re  (400 t o  480°C) a l o n g  t h e  v e r t i c a l  a x i s  and res idence  t i m e  (RTIME) 
(0  t o  60 m inu tes )  a l o n g  t h e  h o r i z o n t a l  a x i s  ( F i g u r e  4). 

Methodology f o r  K i n e t i c s .  Models based on fundamental  k i n e t i c s  a r e  
s p e c i f i c  d i f f e r e n t i a l  m a t e r i a l  ba lances  o f  t h e  y i e l d s  which, when i n t e g r a t e d ,  
d e s c r i b e  t h e  f o r m a t i o n  o f  t h e  p roduc ts  w i t h  t ime .  In t h i s  work a general 
d i f f e r e n t i a l  " m a t e r i a l  ba lance"  fo rm i s  proposed and t h e  r a t e  cons tan ts  a re  
de termined by l i n e a r  s t e p w i s e  r e g r e s s i o n  techn iques .  A s e r i e s  o f  r e a c t i o n s  
was determined a t  each tempera tu re  and s o l v e n t  system which was c o n s i s t e n t  
w i t h  o v e r a l l  m a t e r i a l  ba lance  requ i remen ts .  

The models show t h a t  coa l  b reaks  up  i n t o  r a d i c a l s  wh ich  a r e  present  
i n  t h e  va r ious  s o l u b i l i t y  f r a c t i o n s .  The r a d i c a l s  a r e  s t a b i l i z e d  o r  capped by 
r e a c t i n g  w i t h  v a r i o u s  o t h e r  r a d i c a l  and non- rad ica l  spec ies  o r  by t r a n s f e r  o f  
hydrogen t o  o r  f rom t h e  s o l v e n t .  The s o l v e n t  i s  n o t  e x p l i c i t l y  p resent  i n  
t h e s e  r e a c t i o n s  as a p a r t i c i p a n t  i n  t h e  h y d r o g e n - t r a n s f e r  pathways. Three 
c l a s s e s  o f  r e a c t i o n s  a r e  i d e n t i f i e d :  p r o g r e s s i v e ,  d i s p r o p o r t i o n a t i o n ,  and 
r e t r o g r e s s i v e  r e a c t i o n s .  

M e c h a n i s t i c  Imp1 i c a t i o n s .  The p r o g r e s s i o n  o f  r e a c t i o n  f rom coal t o  
p reaspha l tenes  t o  aspha l tenes  t o  o i l s  has been shown n o t  t o  be  k i n e t i c a l l y  
r e l a t e d  t o  t h e  measurab le  f r e e  r a d i c a l  c o n c e n t r a t i o n .  By c o n t r a s t ,  t h e  r e t r o -  
g r e s s i v e  r e a c t i o n s  a r e  k i n e t i c a l l y  de te rm ined  by t h e  s teady  s t a t e  f r e e  r a d i c a l  
c o n t e n t  w i t h  t h e  impor tance o f  t h e s e  r e a c t i o n s  i n c r e a s i n g  w i t h  temperature.  
The hydrogen d o n a t i o n  power o f  t h e  s o l v e n t  has an impact  on t h e s e  r e a c t i o n s  by 
dec reas ing  t h e  s teady  s t a t e  c o n c e n t r a t i o n  o f  t h e  f r e e  r a d i c a l s  and f a v o r i n g  
t h e  compet ing convers ion  r e a c t i o n s  wh ich  a r e  n o t  k i n e t i c a l  l y  dependent upon 
measurable f r e e  r a d i c a l  s. Many convers ion  r e a c t i o n s  a r e  p robab ly  o c c u r r i n g  
v i a  a f r e e  r a d i c a l  mechanism, however, t h e  l i f e t i m e  o f  t h e s e  r a d i c a l s  may be 
t o o  s h o r t  t o  b u i l d  u p  a c o n c e n t r a t i o n  l a r g e  enough t o  be observed over t h e  
n a t u r a l l y  o c c u r r i n g  r a d i c a l  c o n c e n t r a t i o n  i n  coa l .  The r e a c t i o n  o f  Powhatan 
# 5  coa l  i n  t e t r a l i n  a t  400°C produces  a reasonab le  l e v e l  o f  conve rs ion  (50% or  
more) w i t h o u t  a measurable change i n  f r e e  r a d i c a l  c o n c e n t r a t i o n  r e l a t i v e  t o  
t h a t  of  t he  unheated coa l .  Such a non-observa t i on  o f  a d d i t i o n a l ,  t h e r m a l l y -  
formed f ree  r a d i c a l s  does n o t  r u l e  o u t  a f r e e  r a d i c a l  mechanism i n  which t h e  
r a d i c a l s  a r e  re1  a t i v e l y  s h o r t  1 i v e d  ( t  1,2-10 sec).  
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THE EFFECTS OF PROCESS SEVERITY ON PHYSICOCHEbIICAL 
PROPERTIES OF PREASPHALTENES* 

/I A .  1''. Lynch ,  ? I .  G .  Thomas 

S a n d i a  N a t i o n a l  L a b o r a t o r i e s ,  A l b u q u e r q u e ,  NM 87185 

I n t r o d u c t i o n  

i 

I 

I C o a l  i s  c o n v e r t e d  from a h i g h  m o l e c u l a r  w e i g h t  s o l i d  ( M . W .  k 2 0 0 0 )  t o  
a l o w  m o l e c u l a r  w e i g h t  o i l  (h1 .W.  < 3 0 0 ) ,  when h e a t e d  i n  t h e  p r e s e n c e  
o f  a s u i t a b l e  s o l v e n t .  Between t h e s e  two e x t r e m e s  e x i s t s  a con t inuum 
o f  i n t e r m e d i a t e  m o l e c u l a r  w e i g h t  m a t e r i a l s .  The i n t e r m e d i a t e s  a r e  
d i v i d e d  i n t o  t h r e e  m a j o r  g r o u p s  by s o l u b i l i t y  i n  T H F ,  t o l u e n e  and i 

p e n t a n e .  P r e a s p h a l t e n e s  a r e  s o l u b l e  i n  THF b u t  i n s o l u b l e  i n  t o l u e n e ;  
a s p h a l t e n e s  a r e  s o l u b l e  i n  t o l u e n e  b u t  i n s o l u b l e  i n  p e n t a n e ;  and o i l s  
a r e  s o l u b l e  i n  p e n t a n e  a n d ,  t o  a l a r g e  e x t e n t  d i s t i l l a b l e .  I f  t h e  
c o a l  c o n v e r s i o n  p r o c e s s  p r o c e e d s  from d i s s o l v e d  c o a l  t o  o i l  t h r o u g h  
t h e  i n t e r m e d i a t e  p r o d u c t s ,  t h e n  e x a m i n i n g  t h e  r e a c t i o n  mechanisms o f  
t h e  i n t e r m e d i a t e s  w i l l  p r o v i d e  i n f o r m a t j o n  a b o u t  t h e  u p g r a d e a b i l -  
i t y  ( 1 - 3 )  o f  t h e  d i s s o l v e d  c o a l  and a b o u t  t h e  e n t i r e  c o a l  c o n v e r s i o n  
p r o c e s s .  

T h i s  p a p e r  d e s c r i b e s  t h e  p h y s i c a l  c h a r a c t e r  and r e a c t i o n s  o f  p r e a s p h a l -  
t e n e s  made from a b i t u m i n o u s  c o a l .  The p r e a s p h a l t e n e s  were  o b t a i n e d  
by r e a c t i n g  I l l i n o i s  Q6 B u r n i n g  S t a r  c o a l  i n  c o n t a c t  i \ . i th  SRC-I1 
h e a v y  d i s t i l l a t e  u n d e r  h y d r o g e n  p r e s s u r e  i n  an  A u t o c l a v e  f o r  v a r i o u s  
times (10 t o  30 m i n u t e s )  and t e m p e r a t u r e s  (350 t o  45OOC). The p r e -  
a s p h a l t e n e s  were s e p a r a t e d  by u s i n g  c o n v e n t i o n a l  S o x h l e t  e x t r a c t i o n  
t e c h n i q u e s .  The p r i m a r y  q u e s t i o n  a d d r e s s e d  was :  Are p r e a s p h a l t e n e s  
p r o d u c e d  u n d e r  one  s e t  o f  r e a c t i o n  s e v e r i t i e s  ( i . e . ,  350°C f o r  10  
m i n u t e s )  d i f f e r e n t  t h a n  t h o s e  made a t  o t h e r  s e v e r i t i e s  ( i . e . ,  4 0 0  
o r  450'C) ? The e x t r a c t e d  p r e a s p h a l t e n e s  were a n a l y z e d  f o r  m o l e c u l a r  
w e i g h t ,  s o l u b i l i t y  and e l e m e n t a l  c o m p o s i t i o n .  The c h e m i c a l  r e a c t i v i -  
t i e s  ( u p g r a d e a b i l i t y )  were s t u d i e d  by  f u r t h e r  r e a c t i o n  o f  t h e  e x t r a c t e d  
p r e a s p h a l t e n e s  w i t h  SRC-I1 h e a v y  d i s t i l l a t e  s o l v e n t  i n  s h a k i n g  m i c r o -  
r e a c t o r s  a t  400 'C  u n d e r  h y d r o g e n  f o r  0 t o  30 m i n u t e s .  

The c o n v e r s i o n  o f  t h e  p r e a s p h a l t e n e s  was f o l l o w e d  u s i n g  a g e l  permea-  
t i o n  l i q u i d  c h r o m a t o g r a p h i c  a n a l y t i c a l  me thod .  The r e s u l t s  i n d i c a t e d  
t h a t  p r e a s p h a l t e n e s  g e n e r a t e d  a t  l o w e r  s e v e r i t y  were more s o l u b l e ,  
more r e a c t i v e  and had  a h i g h e r  m o l e c u l a r  w e i g h t  t h a n  t h o s e  g e n e r a t e d  
a t  h i g h e r  s e v e r i t y .  

E x p e r i m e n t a l  

S t a r t i n g  m a t e r i a l s  f o r  t h i s  s t u d y  a r e  I l l i n o i s  No. 6 Burn ing  S t a r  c o a l  
and  SRC-I1 heavy  d i s t i l l a t e .  An a n a l y s i s  o f  t h e s e  m a t e r i a l s  i s  p r e -  
s e n t e d  i n  T a b l e  1. I n i t i a l  e x p e r i m e n t s  were  p e r f o r m e d  i n  a 1 - l i t e r  
A u t o c l a v e  e q u i p p e d  w i t h  a m a g n e d r i v e  s t i r r e r  and o p e r a t e d  a t  c o n s t a n t  
p r e s s u r e  ( 4 ) .  T h r e e  r u n s  o f  v a r y i n g  s e v e r i t y  were p e r f o r m e d  t o  p r o -  
v i d e  l a r g e  s a m p l e s  o f  c o a l  d e r i v e d  m a t e r i a l s  f o r  a n a l y s i s  and s u b s e -  
q u e n t  t e s t i n g .  The r u n  c o n d i t i o n s  and a n a l y s e s  a r e  p r o v i d e d  i n  
T a b l e  2 .  P r e p a r a t o r y  s c a l e  s e p a r a t i o n s  were  p e r f o r m e d  by s e q u e n t i a l  
p r e c i p i t a t i o n  and S o x h l e t  e x t r a c t i o n  i n  t h e  o r d e r  THF,  t o l u e n e ,  

* T h i s  work s u p p o r t e d  by  t h e  U . S .  D e p a r t m e n t  o f  Energy u n d e r  C o n t r a c t  
DE-AC04-76DP00789. 
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TABLE 1. S e l e c t e d  A n a l y t i c  D a t a  f o r  S o l v e n t  and  Coal  
I l l i n o i s  No. 6 SRC- I I 

B u r n i n g  S t a r  Coal  Heavy D i s t i l l a t e  

U l t i m a t e  Ana y s i s  Carbon 7 1 . 5  8 9 . 8  
0 dmmf Hydrogen 4 . 8  7 . 6  

h'i t r o g e n  1 . 5  1 . 4  
S u l f u r  3 . 3  0 . 4  
Oxygen 8 . 4  1 . 8  

( d i f f e r e n c e )  
Ash % d r y  b a s i s  1 0 . 0  0.05 
D i s t i l l a t e  Y i e l d  _ _  8 6 . 5  I? 850'F 

Weight % 

a n d  p e n t a n e .  T h r o u g h o u t  t h i s  s t u d y ,  a c t u a l  a n a l y s e s  were  P e r f o r m e d  
u s i n g  a q u a n t i t a t i v e  g e l  p e r m e a t i o n  l i q u i d  c h r o m a t o g r a p h i c  (GPC) 
a s p h a l t e n e  a n a l y s i s  ( 5 ) .  T h i s  method s e p a r a t e s  a c o a l  d e r i v e d  p r o -  
d u c t  i n t o  h i g h ,  i n t e r m e d i a t e  and low m o l e c u l a r  s i z e  f r a c t i o n s  t h a t  
may b e  q u a n t i f i e d  b y  u s i n g  a p p r o p r i a t e  s t a n d a r d s .  

S e c o n d a r y  r e a c t i o n s  o f  ? r e a s n h a l t e n e s  a n d  a s p h a l t e n e s  v e r e  p e r f o r m c d  
i n  2 0  cm' shakin :  m i c r o r e a c t o r s  ( 6 ) .  The p r e a s p h a l t e n e  w a s  a d d e d  t o  
SRC-I1 F!ll a t  a r a t i o  o f  1 / 1 4  and r e a c t e d  a t  4 O O 0 C  u n d e r  1800 ?si 
h y d r o g e n .  F l u i d i z e d  s a n d  b a t h s  i i e r e  used f o r  h e a t i n g  ('1.2 m i n u t e s  
t o  r e a c t i o n  t e m p e r a t u r e s )  a n d  c o o l i n g  ( ~ 3 0  s e c o n d s  f o r  a ZOO°C 
q u e n c h ) .  

The r e a c t i o n  t ime f o r  t h e  1 0  and 30 m i n u t e  e x p e r i m e n t s  i s  e x c l u s i v e  
o f  h e a t - u p  a n d  c o o l - d o w n .  The c x p e r i m e n t s  l a b e l e d  z e r o - t i m e  w e r e  
p e r f o r m e d  by h e a t i n g  empty m i c r o r e a c t o r s  t o  t e m p e r a t u r e ,  t h e n  r a p i d l y  
i n j e c t i n g  t h e  p r e a s p h a l t e n e / s o l v e n t  s l u r r y .  The m i x t u r e  a t t a i n e d  
r e a c t i o n  t e m p e r a t u r e  w i t h i n  1 5  s e c o n d s .  The m i c r o r e a c t o r  was quenched  
i n  a w a t e r  b a t h  1'1.5 s e c o n d s  t o  200OC). P r e a s p h a l t e n e s  and a s p h a l t e n e s  
were  o b t a i n e d  f rom t h e  p r e p a r a t o r y  A u t o c l a v e  Yuns d e s c r  
a n a l y z e d  by Huffman L a b o r a t o r i e s  f o r  e l e m e n t a l  c o m p o s i t  
c u l a r  w e i g h t s  (VPO i n  p y r i d i n e ) .  

R e s u l t s  

S e l e c t e d  p h y s i c a l  p r o p e r t i e s  o f  p r e a s p h a l t e n e s  f rom t h e  
t o r y  r u n s  d e s c r i b e d  i n  T a b l e  2 a r e  p r o v i d e d  i n  T a b l e  3 .  
a r e  d e f i n e d  as  m a t e r i a l  t h a t  i s  s o l u b l e  i n  THF b u t  i n s o  

b e d  and  were 
o n s  and  mole-  

t h r e e  p r e p a r a -  

u b l e  i n  
P r e a s p h a l t e n e s  

TABLE 2 .  Run C o n d i t i o n s  and A n a l y t i c a l  D a t a  f r o m  A u t o c l a v e  P r e p  Runs 
Weight  % Based Upon dmmf C o a l  

Run* T e m p e r a t u r e  Time I OF4 PreA Asph __ O i  1 

A35030 350'C 30 min .  4 0 . 2  3 4 . 7  24 .7  4 . 3  
A40020 400°C 20 min .  2 5 . 9  3 0 . 3  4 3 . 0  1 0 . 8  
A45010 450°C 1 0  min .  2 5 . 2  1 9 . 0  4 3 . 0  2 2 . 8  

- 

* A l l  r u n s  p e r f o r m e d  w i t h  I l l i n o i s  No. 6 E u r n i n g  S t a r  c o a l  and 
SRC-I1 h e a v y  d i s t i l l a t e  s o l v e n t  ( T a b l e  1) a t  1 / 2  c o a l  t o  s o l v e n t  
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TABLE 3 .  M o l e c u l a r  Weigh t  a n d  E l e m e n t a l  A n a l y s i s  o f  P r e a s p h a l t e n e s  
E l e m e n t a l  A n a l y s i s  Iz't % Mo l e c u l  a r  

Sample Weight  C H N S 0 " )  - - - - -  
~ 

A350030 2867  8 0 . 1  5 . 3  1 . 9  1 . 9  1 0 . 8  
A400020 2482  8 2 . 3  5 . 2  2 . 0  1 . 4  9 . 1  
A450010 1 7 7 7  8 5 . 9  5 . 2  2 . 1  1.1 5 . 7  

(1) Oxygen by  d i f f e r e n c e .  

t o l u e n e ;  h o w e v e r ,  a f t e r  t h e  THF i s  r emoved ,  a s i g n i f i c a n t  p o r t i o n  o f  
t h e  p r e a s p h a l t e n e s  will n o t  r e d i s s o l v e  i n  THF. T h e s e  a r e  p y r i d i n e  
s o l u b l e  and a re  c a l l e d  p o s t - p r e a s p h a l t e n e s .  The THF i n s o l u b i l i t y  
v a r i e s  w i t h  r e a c t i o n  s e v e r i t y .  The 1 0 0 %  THF s o l u b l e  p r e a s p h a l t e n e s  
o b t a i n e d  f rom t h e  3 5 0 ° ,  30 m i n u t e  p r e p a r a t i o n  r e a c t i o n  became 6 1 %  
THF s o l u b l e  a f t e r  e v a p o r a t i o n  o f  t h e  o r i g i n a l  THF w h i l e  t h e  m a t e r i a l  
f rom t h e  450° ,  1 0  m i n u t e  p r e p a r a t i o n  r e a c t i o n  became o n l y  35% s o l u b l e .  
A f t e r  a p p r o x i m a t e l y  s i x  m o n t h s ,  t h e  same e x p e r i m e n t s  were r e p e a t e d  
w i t h  t h e  same p r e a s p h a l t e n e s  t o  d e t e r m i n e  w h e t h e r  s t o r a g e  i n  g l a s s  
j a r s  and i n  a i r  a t  room t e m p e r a t u r e  had  an e f f e c t  on s o l u b i l i t y  a n d / o r  
r e a c t i v i t y .  A f t e r  s i x  mon ths  o f  s t o r a g e ,  t h e  s o l u b i l i t y  o f  t h e  p r e -  
a s p h a l t e n e s  d e c r e a s e d  f rom 6 1  t o  3 2 %  and from 35 t o  24% f o r  t h e  350" 
and  450' m a t e r i a l s ,  r e s p e c t i v e l y .  One p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  
phenomenon i s  t h e  g r a d u a l  l o s s  o f  a s o l v a t i n g  m o l e c u l e  w i t h  t i m e .  A 
s e c o n d  e x p l a n a t i o n  may be.  t h a t  t h e  m a t e r i a l  o x i d i z e s  ( 7 ) .  

The A u t o c l a v e  p r e p a r e d  S o x h l e t  e x t r a c t e d  p r e a s p h a l t e n e s  were  upgraded  
w i t h  SRC-I1 h e a v y  d i s t i l l a t e  u n d e r  1 8 0 0  p s i  h y d r o g e n  a t  400°C f o r  0 
t o  30 m i n u t e s .  The r e a c t i o n  p r o d u c t s  were  a n a l y z e d  f o r  t h r e e  compo- 
n e n t s .  One was t h e  p o s t - p r e a s p h a l t e n e  componen t ;  t h e  o t h e r  two were 
from t h e  THF s o l u b l e  p o r t i o n .  The s o l u b l e  p r e a s p h a l t e n e s  were f u r t h e r  
d i v i d e d  by  a g e l  p e r m e a t i o n  s e p a r a t i o n  i n t o  h i g h  ( s i m i l a r  t o  p r e a s p h a l -  
t e n e )  and i n t e r m e d i a t e  ( s i m i l a r  t o  a s p h a l t e n e )  m o l e c u l a r  w e i g h t  f r a c -  
t i o n s .  F i g u r e  1 shows t h e  i n t e r c o n v e r s i o n  o f  t h e  t h r e e  components  
d u r i n g  t h e  r e a c t i o n .  The SRC-I1  HD r e p r e s e n t s  ~ 9 2 %  o f  t h e  whole 
l i q u i d  p r o d u c t  and i s  n o t  p l o t t e d .  S m a l l  d i f f e r e n c e s  i n  p r e a s p h a l t e n e  
c o n c e n t r a t i o n  a r e  m e a s u r a b l e  u s i n g  t h e  l i q u i d  c h r o m a t o g r a p h i c  a n a l y s i s  
( r e p r o d u c i b i l i t y  = + 5 % ) .  Also p l o t t e d  i s  a p o i n t  o b t a i n e d  by a d d i n g  
t h e  p r e a s p h a l t e n e  to SRC-I1 HD u n d e r  a m b i e n t  c o n d i t i o n s  f o r  16  h o u r s .  
The r e a s o n  f o r  i n d i c a t i n g  t h i s  d a t a  p o i n t  was t o  show d i f f e r e n c e s  i n  
s t a r t i n g  m a t e r i a l  and a l s o  t o  f o l l o w  c o n v e r s i o n  a s  t h e  r e a c t i o n  
components  were h e a t e d  f r o m  25" t o  400°C. A l a r g e  p o r t i o n  o f  t h e  
p o s t - p r e a s p h a l t e n e s  r e d i s s o l v e  d u r i n g  h e a t - u p .  

F i g u r e  2 p r e s e n t s  t h e  r e s u l t s  a s  f i r s t  o r d e r  r a t e s  o f  d e c o m p o s i t i o n .  
T h e s e  d a t a  a r e  b a s e d  upon t h e  c o n c e n t r a t i o n  o f  p r e a s p h a l t e n e s  i n  
s o l u t i o n  a t  400°C ( z e r o  t i m e ) .  
were c a l c u l a t e 9  f rom t h e  p l o t s  i n  F i g u r e  2 show t h a t  t h e  350 
( K  = 2 . 9  x 1 0 -  / s e c  i s  more  t h a n  5 t imes  more r e a c t i v e  t h a n  t h e  450 '  

T h e r e  a r e  a t  l e a s t  two e x p l a n a -  
t i o n s  f o r  t h i s  o b s e r v a t i o n .  1) The low s e v e r i t y  r e a c t i o n  p r o d u c e s  a 
d i f f e r e n t ,  more r e a c t i v e  m a t e r i a l ;  o r  2 )  The r e a c t i v e  p r e a s p h a l t e n e s  
made d u r i n g  t h e  450' r u n  h a v e  a l r e a d y  c o n v e r t e d  t o  l o w e r  m o l e c u l a r  
w e i g h t  m a t e r i a l .  The s e c o n d  p o s s i b i l i t y  i s  c o r r o b o r a t e d  by t h e  d a t a  
i n  T a b l e  2 ,  wh ich  shows t h a t  a t  4 5 0 " - 1 0  m i n u t e s ,  more c o a l  was c o n -  
v e r t e d  t h a n  a t  350', y e t  l e s s  p r e a s p h a l t e n e  was e x t r a c t e d .  T a b l e  3 
i n d i c a t e s  t h a t  t h e  l e s s  r e a c t i v e  450 '  p r e a s p h a l t e n e  had  a 10wcr molccu -  
l a r  w e i g h t  and  c o n t a i n e d  fewer h e t e r o a t o m s .  

The f i r s t  o r d e r  r a t e  c o n s t a n z s  t h a t  
m a t e r i a l  

m a t e r i a l  ( 4 . 6  x 10' 3 '  / s e c )  ( 6 ,  8 - 1 0 ) .  
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we w i l l  a t t e m p t  t o  c l a r i f y  t h e s e  d i f f e r e n c e s  i n  f u t u r e  s t u d i e s  by  
r e a c t i n g  t h e  c o a l  u n d e r  v a r i o u s  s e v e r i t i e s  b u t  t o  t h e  same c o n v e r s i o n  
and p r o d u c t  s l a t e  and t h e n  e x t r a c t i n g  and  r e a c t i n g  t h e  p r e a s p h a l t e n e s .  

The d a t a  p l o t t e d  i n  F i g u r e  l b  a r e  t h e  r e s u l t s  o f  r e a c t i n g  t h e  p r e -  
a s p h a l t e n e s  a f t e r  6 months o f  s t o r a g e  a t  room t e m p e r a t u r e .  The 
r e s u l t s  show b o t h  d i f f e r e n c e s  i n  a b s o l u t e  v a l u e s ,  c a u s e d  by  t h e  
c h a n g e  i n  s o l u b i l i t y ,  and s i m i l a r i t i e s  i n  t h e  t r e n d s .  The 350' 
p r e a s p h a l t e n e s  were  s t i l l  more r e a c t i v e  t h a n  t h e  450' m a t e r i a l  e v e n  
w i t h  t h e  change  i n  s o l u b i l i t y .  

I n  summary, p r e a s p h a l t e n e s  have  b e e n  i s o l a t e d  f rom l i q u e f a c t i o n  r u n s  
u n d e r  r e a c t i o n  s e v e r i t i e s  f rom 450'C f o r  1 0  m i n u t e s  t o  350'C f o r  30 
m i n u t e s .  The p r e a s p h a l t e n e s  were i s o l a t e d  and  d i f f e r e d  i n  m o l e c u l a r  
w e i g h t s ,  1.2900-1800 amu, and  i n  e l e m e n t a l  c o m p o s i t i o n .  The m a t e r i a l s  
a l s o  were n o t  s t a b l e  upon s t a n d i n g  a t  room t e m p e r a t u r e .  R e a c t i v i t i e s  
were g r e a t e s t  f o r  t h e  p r e a s p h a l t e n e s  p r e p a r e d  a t  t h e  l o w e s t  s e v e r i t y  
( K  = 2 . 9  x 1 0 - 2 / s e c )  and l e a s t  f o r  t h o s e  p r e p a r e d  a t  t h e  h i g h e s t  
s e v e r i t y  ( K  = 4 . 6  x 1 0 - 3 / s e c ) .  

T h e s e  r e s u l t s  h a v e  p o t e n t i a l  i m p l i c a t i o n s  f o r  c o a l  l i q u e f a c t i o n ,  
e s p e c i a l l y  two s t a g e  l i q u e f a c t i o n .  I f  r e a c t i v e  o r  u p g r a d e a b l e  i n t e r -  
m e d i a t e s  can b e  p r o d u c e d  a t  low r e a c t i o n  s e v e r i t y  (350 '  v s  4 5 0 ° ) ,  t h e n  
i t  may b e  p o s s i b l e  t o  p r e v e n t  r e t r o g r e s s i v e  r e a c t i o n s .  However,  w e  
h a v e  no i n d i c a t i o n  t h a t  a n y  o v e r a l l  p r o d u c t  enhancemen t  w i l l  b e  
o b t a i n e d  from s t r i c t l y  t h e r m m e s s .  
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VAPOR-LIQUID EQUILIBRIUM OF H-COAL LIQUIDS, WATER, 
AND A NINE-COMPONENT LIGHT GAS MIXTURE 

R. H. Harr ison, J. W .  Vogh, P. L. G r i z z l e ,  and J. S. Thomson 

B a r t l e s v i l l e  Energy Technology Center, P. 0. Box 1398, B a r t l e s v i l l e ,  OK 74003 

INTRODUCTION 

The need f o r  and u t i l i t y  o f  "K" va lue da ta  ( K  = mole f r a c t i o n  vapor/mole f r a c -  
t i o n  l i q u i d )  f o r  t h e  e f f i c i e n t  des ign  and o p e r a t i o n  of coa l  l i q u e f a c t i o n  p l a n t s  i s  
w e l l  estab l ished.  I n  recent  computer s imu la t ions  i n  t h e  H-Coal process, these fac-  
t o r s  had t o  be est imated from meager da ta  f o r  s i m i l a r  petroleum-der ived m a t e r i a l s ,  
a procedure t h a t  may be u n s a t i s f a c t o r y  due t o  t h e  d i f f e r e n c e  i n  t h e  na ture  o f  coa l -  
d e r i v e d  and petroleum-der ived m a t e r i a l s .  The "K"  values a r e  t h e  key t o  t h e  design 
o f  vessel  s i z e  and s t rength ,  throughput,  and i n  t h e  f i n a l  a n a l y s i s  o f  t h e  e n t i r e  
process. 

The present  p r o j e c t  was undertaken t o  support  t h e  H-Coal p i l o t  p l a n t  operated 
by Ashland Petroleum Co. 
o f  a t m o s p h e r i c - s t i l l  overhead and bottoms, and vacuum-s t i l l  overhead and bottoms 
f rom products o f  t h e  Process Development U n i t  (PDU) Run #5 a t  Hydrocarbons Research, 
I nc .  ( H R I )  which processed I l l i n o i s  #6 coal  i n  t h e  syncrude mode o f  operat ion.  The 
mix tu res  were in tended t o  match t r u e  b o i l i n g  p o i n t  (TBP) f r a c t i o n s  pred ic ted  f o r  
f l a s h  drums i n  which m a t e r i a l  f rom t h e  r e a c t o r  i s  depressur ized and cooled. 

Three m i x t u r e s  were run  c o n s i s t i n g  o f  d i f f e r i n g  amounts 

T h i s  p r o j e c t  was compl icated by t h e  d i v e r s i t y  o f  t h e  p r o p e r t i e s  o f  t h e  compo- 
nents  o f  t h e  samples, t h e  l a r g e  number o f  components, and t h e  v a r i e t y  o f  t h e  oper- 
a t i n g  cond i t ions  o f  t h e  experiments. 
c o l l e c t i o n  o f  t h e  samples, f o r  t h e  p a r t i t i o n i n g  o f  t h e  samples, and f o r  t h e  ana lys is  
of each p a r t  o f  t h e  samples. 

Thus, new techniques were developed f o r  t h e  

APPARATUS 

Vapor - l iqu id -equ i l ib r ium (VLE) measurements were made i n  a 2 - l i t e r  autoc lave,  
F igure  1, which was descr ibed p r e v i o u s l y  (1 )  and was s u i t e d  f o r  measurements on com- 
p l e x  systems. 
t i o n s  t h e  l i q u i d  volume would be about 1300 cc. 
and l i q u i d  phases were e f f e c t e d  by  t h e  ho l low s h a f t  m ixer  which drew gas down t h e  
tube and dispensed i t  i n  t h e  c a v i t a t i o n  produced by t h e  i m p e l l e r .  The vapor sam- 
p l i n g  procedure cons is ted  o f  opening t h e  v a l v e  a t  t h e  au toc lave  i n t o  an evacuated 
manifold, c l o s i n g  i t  again, pumping m a n i f o l d  t o  vacuum, c l o s i n g  vacuum valve,  open- 
i n g  autoclave and bomb valves,  c l o s i n g  bo th  va lves,  pumping t h e  man i fo ld  t o  vacuum, 
and removing bomb. I n  a s i m i l a r  manner, t h e  l i q u i d  was sampled through a d i p  tube 
i n t o  t h e  evacuated l i q u i d  sample bomb. The t u b i n g  i s  0.040-in. I D ,  and t h e  lengths 
were kept  t o  a minimum t o  reduce holdup. 

The au toc lave  body was heated w i t h  a standard furnace, and t h e  head was heated 
w i t h  two 500-watt heaters. The sample bombs were f i t t e d  w i t h  custom-made Glas-Col 
h e a t i n g  jackets ,  and a l l  t u b i n g  and va lves were heated. The e n t i r e  system was essen- 
t i a l l y  isothermal .  Temperatures were measured w i t h  thermocouples a t  many p o i n t s  of 
t h e  system w i t h  t h e  au toc lave  c o n t r o l l e d  t o  about 0.5' C. Pressures were measured 
w i th  a bourdon tube gauge and a pressure t ransducer,  bo th  of which were c a l i b r a t e d  
a g a i n s t  a deadweight gauge. 
accuracy of 1 o r  2 mg i n  t h e i r  bombs on a la rge ,  double-pan a n a l y t i c a l  balance. 
Gas phase samples weighed 50 t o  300 mg. 

S u f f i c i e n t  l i q u i d  was p laced i n  t h e  vessel so t h a t  a t  opera t ing  condi- 
M ix ing  and contac t  between t h e  gas 

L i q u i d  phase samples o f  5 t o  15 g were weighed t o  an 
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SAMPLE PARTIT ION 

A v a r i e t y  o f  techniques was used t o  d i v i d e  t h e  l i q u i d  phase and gas phase sam- 
p les  i n t o  t h e i r  r e s p e c t i v e  l i q u i d  and d i s s o l v e d  gas, and gas and condensate p a r t s .  
Each bomb was cooled w i t h  s o l i d  C02 t o  t ry  t o  e f f e c t  a separa t ion  between butane and 
pentane. The gas from each bomb was expanded through a 0.040-in. I D  metal  tube and 
a g lass  t r a p  i n t o  a 100-cc glass bu re t te .  The gas was then t r a n s f e r r e d  i n t o  a b u l b  
f o r  c o l l e c t i o n .  
from the  bombs down t o  the  vapor pressure o f  t h e  l i q u i d .  The bombs were warmed and 
cooled several  t imes t o  a l l o w  more gases t o  escape from t h e  l i q u i d .  The c o l l e c t i o n  
bulbs v a r i e d  from a 10-cc syr inge f o r  t o t a l  gas volumes o f  2 cc a t  1 atm up t o  g lass  
bulbs w i t h  500-cc capac i ty  f o r  samples as were taken d u r i n g  t h e  VLE runs a t  3000 p s i  
The gases i n  the  c o l l e c t i o n  bulbs were thorough ly  mixed by drawing them down i n t o  
t h e  b u r e t t e  and r e t u r n i n g  them t o  the  b u l b  several  t imes. 
t o  a 30-cc c e l l  f o r  measurement o f  NH3 by i n f r a r e d  a n a l y s i s  and t o  a syr inge f o r  
charging t o  a gas chromatograph. 

volume metal  man i fo ld  i n  such a way t h a t  t h e i r  contents cou ld  d r a i n  i n t o  a g l a s s  
bulb.  
heated t o  100" C, the  b u l b  was immersed i n  l i q u i d  N2 and the  bomb va lve  was opened. 
Since the  pressure i n  the  bomb was atmospheric due t o  t h e  water vapor pressure,  t he  
bomb emptied qu ick l y .  
bomb was vapor t r a n s f e r r e d  t o  t h e  bu lb  by s l o w l y  r a i s i n g  the  bomb and man i fo ld  tem- 
pera ture  up t o  about 300" C over a p e r i o d  o f  6 t o  8 hours. 
warmed t o  room temperature, removed, capped, weighed, and was ready f o r  a n a l y s i s  o f  
i t s  water and coa l  l i q u i d  content.  

ANALYSIS 

Between 5 and 30 expansions were needed t o  remove d isso lved gases 

Gas was then t r a n s f e r r e d  

A f t e r  a l l  d isso lved gases were removed, t h e  bombs were mounted on a low- 

The man i fo ld  and glass bu lb  were evacuated, t h e  m a n i f o l d  and sample bomb were 

The remaining l i q u i d  adher ing t o  t h e  i n n e r  surfaces o f  t h e  

The g lass  bu lb  was 

Ammonia i n  the  gas samples was determined by absorp t ion  a t  3330 cm-1 i n  t h e  
i n f ra red .  
bands, and t h e r e  was no s i g n i f i c a n t  i n t e r f e r e n c e  from o t h e r  compounds i n  the  gas 
sample. 
d i r e c t l y  from the  vacuum system descr ibed above. 
a t i o n  was accomplished by I R  response f o l l o w i n g  i n j e c t i o n  o f  measured a l i q u o t s  o f  
ammonia s o l u t i o n  i n t o  the  evacuated c e l l .  

Determinat ion o f  gaseous components o t h e r  than ammonia was c a r r i e d  ou t  by  gas 
chromatography. 
column and a 140-cm Porapak R column connected i n  l i n e  through a Valco 10-por t  
va lve .  Operat ion of t h e  va lve  in t roduced t h e  gas sample t o  t h e  Porapak column. 
A f t e r  t h e  e a r l i e s t  e l u t i n g  components (hydrogen, oxygen, n i t r o g e n ,  and methane) 
e l u t e d  from the  Porapak t o  t h e  molecular s i e v e  column, t h e  va lve  was reversed t o  
interchange the  p o s i t i o n  o f  t he  columns. I n  t h i s  way, chromatograms from t h e  two 
columns were obtained o v e r l a y i n g  each o t h e r  i n  a s i n g l e  pa t te rn .  
o f  column lengths ,  s t a r t i n g  temperature and program r a t e  permi t ted  a l l  components 
t o  be reso lved i n  the  combined chromatogram. 
gen, oxygen, n i t r o g e n ,  carbon d iox ide ,  ethane, methane, hydrogen s u l f i d e )  were 
monitored by a thermal c o n d u c t i v i t y  d e t e c t o r .  Hydrocarbons i n c l u d i n g  and beyond 
propane were monitored by a f lame i o n i z a t i o n  de tec tor .  
temperature runs were sometimes found t o  c o n t a i n  carbon monoxide. Th is  was a we l l  
reso lved bu t  l a t e  e l u t i n g  component due t o  i t s  passage through t h e  molecular s ieve 
column. I t was monitored by the  thermal c o n d u c t i v i t y  d e t e c t o r .  

The spectra o f  ammonia i n  t h i s  r e g i o n  shows a number o f  sharp and s t rong 

The gas c e l l  ( P r e c i s i o n  c e l l s ,  t ype  34, 10 cm, I R  t r a n m i t t i n g ) '  was f i l l e d  
C a l i b r a t i o n  f o r  ammonia determin- 

The dual-column system cons is ted  of a 120-cm 5A molecular s ieve  

Proper s e l e c t i o n  

The e a r l y  e l u t i n g  components (hydro- 

Gas samples from h i g h  

I 
i 

, 

' Reference t o  s p e c i f i c  equipment o r  t r a d e  names does no t  imp ly  endorsement by the 
Department of Energy. 
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This a n a l y s i s  was c a r r i e d  out i n  a Hewlet t -Packard 5830A gas chromatograph. 
The c a r r i e r  gas was 8.5 percent hydrogen i n  he l ium because t h i s  provides a rough ly  
l i n e a r  response by t h e  thermal c o n d u c t i v i t y  d e t e c t o r  f o r  hydrogen and a good 
response f o r  t h e  o t h e r  components. The response curve  f o r  hydrogen was determined 
f o r  a s u i t a b l e  range o f  hydrogen-air  blends prepared by syr inge mix ing .  
l yzed gas b lend was used f o r  c a l i b r a t i o n  f o r  o t h e r  components. 

The l i q u i d  phase samples conta ined water and t h e  o i l  components exc lud ing  the  
most v o l a t i l e  hydrocarbons. 
s imulated d i s t i l l a t i o n  by the  ASTM D2886 procedure. 
cedure was expanded t o  present b o i l i n g  p o i n t  versus sample weight on t h e  bas is  of 
bo th  p a r a f f i n  and aromat ic hydrocarbon b o i l i n g - p o i n t  scales.  
v e r t e d  t o  p a r a f f i n i c  o r  aromat ic molecular-weight s c a l e s  versus sample-weight d i s -  
tr i  but  ion. 

An ana- 

The o i l  a n a l y s i s  was c a r r i e d  o u t  by gas chromatographic 
Treatment o f  data o f  t h i s  pro- 

Th is  was then con- 

The w a t e r - o i l  sample was prepared f o r  water a n a l y s i s  by d i s s o l v i n g  i t  i n  
s u f f i c i e n t  ethanol  o r  methanol-spiked ethanol t o  form a homogeneous s o l u t i o n .  This 
was analyzed by gas chromatography on Porapak-T i n  a n i c k e l  column. 
h o l s  were monitored by a thermal c o n d u c t i v i t y  d e t e c t o r .  A l l  o t h e r  m a t e r i a l s  were 
backf lushed from t h e  column a t  e l e v a t e d  temperature. 
based on a lcoho l -water  blends and the  response t o  e thano l  o r  methanol as i n t e r n a l  
standards. 

Water and a lco-  

C a l i b r a t i o n  and ana lys is  were 

SAMPLE MATERIALS 

Table 1 l i s t s  the  blends o f  a t m o s p h e r i c - s t i l l  and vacuum-s t i l l  overheads and 
bottoms from PDU run  #5 t h a t  were measured i n  t h i s  p r o j e c t .  
i n  the  autoclave and an eight-component gas m i x t u r e  o f  69.47% Hp, 3.12% Nz, 0.41% 
C02, 2.02% H2S, 17.87% C1, 4.11% C2, 2.00% C3, and 1.00% C4 was used t o  pressure the  
system as i n d i c a t e d  i n  t a b l e  1. The composi t ion o f  each o f  t h e  mix tu res  a t  e q u i l i b -  
r i u m  is given i n  t a b l e s  2,3,4, and 5. 

The blends were placed 

Table 1. Coal L i q u i d s  and Water Charged t o  Autoclave 

Blend #1 Blend #2 Blend #3 
PDU Ma te r ia l  350" F/142, 220 p s i g  500" F/3000 ps ig  750" F/700 ps ig  

ASO' 
ASB2 

H20 
NH3 

vs03 
VSB4 

33.00% 
65.81 
0. 
0. 
1.19 
0. 

100.00% 

44.89% 
35.18 

6.59 
0. 

12.01 
1.33 

100.00% 

7.95% 
35.39 
31.61 
24.46 
0.56 
0.03 

100.00% 

Atmospher ic-st i  11 overheads. Vacuum-s t i l l  overheads. 
A t m o s p h e r i c - s t i l l  bottoms. Vacuum-s t i l l  bottoms. 

RESULTS 

Each b lend and i t s  opera t ing  c o n d i t i o n s  presented unique chal lenges o f  opera t ion  o r  
a n a l y s i s .  
water was made f o r  each r u n  and used i n  s e l e c t i n g  t h e  b e s t  s e t  o f  K values repor ted  
i n  Tables 2-4. 
opera t ing  c o n d i t i o n s  are  a l s o  given i n  Tables 2-4 f o r  comparison purposes, bu t  t h e y  

The experimental r e s u l t s  f o r  t h e  coa l  l i q u i d  blends a r e  g iven i n  Tables 2-5. 

A m a t e r i a l  balance on t h e  e i g h t  components of t h e  l i g h t  gas m i x t u r e  and 

Average or: i n d i v i d u a l  K values f o r  o t h e r  samples taken a t  t he  same 

100 
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obviously ref lect  some variation from the compositions given for  the selected val- 
ues. 
reactions. Some runs were discarded due t o  apparent plugging of the sample draw-off 
tubing. 
subject t o  a l i t t l e  more uncertainty in a l l  runs because they are in the vapor-pres- 
sure range where solid Cop was used t o  t r y  t o  par t i t ion the samples for  analysis as 
gases or liquids. Condensation of gases on the walls of the burette was a problem. 

During the high temperature run  on blend #3, there was a significant increase 
in the concentration of c1, C2, C3, and C4 with time and a corresponding decrease in 
the concentration of H2. Vapor and liquid samples were taken close together in time, 
however, so the resul ts  should be of interest .  The measurements on blend #2 a t  high 
Pressure were notable for  large volumes (400 ml) of gas dissolved in the liquid 
phase; whereas, the measurements on blend #1 yielded only about 2 ml of gas from the 

The material balance on NH3 and H2S was always'less t h a n  was charged d u e  t o  

The concentrations of C3, C4, and  C5 -100" F and  resultant K factors are , 

\ 

t liquid phase. 

Contribution No. 259 from the thermodynamic laboratory a t  the Bart lesvi l le  
Energy Technology Center. 
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Table 2. Vapor-Liquid Equi l ibr ium a t  350' F and 142 p r i g  o f  Blend # I  
of H-Coal Liquids from POU Run 15 

Vapor 12 L iqu id  W2 Sample Y2 
Paraf f in Aromatic Paraf f in A r m t i c  Paraf f in Ammatic 

Compound Ut Pct Mol Ut Mol W t  Ut  Pct Mol Ut Mol Ut K* K* 

Sample # I  
Para f f i n  Aromatic 

K* K* 

1.7696 
1.3001 
0.0168 
n 

2.016 
28.014 
44.011 
34.076 
18.016 
16.043 
30.070 
44.097 
58.124 
72.151 
91.40 

106.44 
142.57 
177.30 
219.60 

77.17 94.69 
61.76 75.79 
4.48 5.49 
3.35 4.11 
8.96 10.99 

35.00 42.95 
28.19 34.59 
28.95 35.51 
40.89 50.17 

1.30 1.60 
0.188 0.232 
0.122 0.147 
0.0146 0.0177 
0.0042 0.0051 
0.0009 0.0011 

0.002023 
0.001 740 
0.000338 
0.000709 
0.837646 
0.007411 
0,002482 
0.001 993 
0.002943 
0.2698 
2.3223 94.17 
5.4140 111.18 
8.3473 147.66 

20.3826 183.82 
28.0558 228.27 
20.8386 277.34 
9.3982 337.63 
3.2616 420.05 
0.8526 498.78 

81.42 
69.54 

4.61 

100.71 
86.01 

10.79 
49.07 
50.59 
63.50 
45.46 
0.404 
0.226 
0.0900 
0.0203 
0.0044 
0.0009 

H2S 
H20 
C I  
c2 
c3 

$-lOO'F 
100-2000 
200400" 
300-400" 
400-500" 
500-600" 
600-7000 

78.4861 
3.1595 
1.0906 
1.0099 
1.1623 
0.9462 

F 4.4672 
F 4.1034 
F 1.4321 
F 0.7510 
F 0.2157 
F -  

jorj-800. F - - 
800-900' F - - 
900" F t  - -  

8.72 
39.67 
40.89 
51.33 
36.75 
0.326 
0.184 
0.0737 
0.0165 
0.0036 
0.0007 

I 
86.96 
96.56 

119.61 
141.78 
168.78 

88.72 
99.58 

122.86 
145.94 
174.31 
205.63 
244.16 
296.70 
346.95 

'K = mole f ract ion vaporlmole f r a c t i o n  l i q u i d .  

Table 3 .  Vapor-Liquid Equ i l i b r i um a t  350" F and 220 ps ig  o f  Blend I 1  
of  H-Coal L iqu ids  from POU Run W5 

~~ 

Vapor 14 L iqu id  44 Sample 64 Sample 13 

Para f f i n  Aromatic Paraf f in Aromatic Paraf f in A r o m t i c  I K' K* 
Para f f i n  Aromatic 

Compound nt Pct ~ o i  n t  MOI u t  u t  Pct MOI u t  MOI u t  K* K' 

3.9849 
2.1413 
0.1401 
0.7597 

38.7786 
6.8653 
2.2462 
1.7108 
3.0821 
3.4623 

12.5676 
13.3838 
6.4491 
3.4361 
0.8046 
0.1878 

2.016 
28.014 
44.011 
34.076 
18.016 
16.043 
30.070 
44.097 
58.124 
72.151 
93.48 

107.71 
143.60 
187.67 
222.42 
265.86 

0.005449 
0.004166 
0.001052 
0.003610 
0.779015 
0.022457 
0.01 41 99 
0.01 461 2 
0.01 9486 
0.1129 
1,8901 
4.8647 
8.2857 

20.5571 
29.7044 
21.2130 
8.6342 
2.8087 
1.0651 

73.51 
51.67 
13.38 
21.15 
5.00 

30.73 
15.90 
11.77 
15.90 
3.08 
0.671 
0.286 
0.0807 
0.0165 
0.0028 
0.0009 

90.77 
63.80 
16.53 
26.12 
6.18 

37.94 
19.63 
14.53 
19.63 
3.80 
0.827 
0.350 
0.0990 
0.0204 
0.0034 
0.0011 

67.08 
52.30 
12.09 
16.71 
6.50 

33.63 
17.47 
12.26 
13.76 
1.77 
0.192 
0.0888 
0.0218 
0.0046 
0.0008 
0.0002 

83.12 
64.81 
14.97 
20.70 
8.06 

41.67 
21.65 
15.19 
17.05 
2.19 
0.242 
0.109 
0.0268 
0.0056 
0.0010 
0.0002 

Cg-IOO'F 
100-200" 
200-300" 
300-400" 
400-5009 
500-600" 
600-700" 
700-800" 
800-900" 
900" F+ 

F 
F 

88.29 
97.37 

120.27 
148.40 
170.57 
198.30 

93.84 
111.51 
148.19 
184.09 
227.95 
278.27 
337.24 
419.91 
508.08 

88.51 
99.80 

123.20 
146.09 
174.11 
206.22 
243.85 
296.61 
352.87 

F 
F 
c 
F 
F 
F 

*K = mole f rac t i on  vaporlmole f rac t i on  l i q u i d  
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Table 4. Vapor-Llquid Equ i l ib r lum a t  500' F and 3,000 psfg  of Blend 12 
Of H-Coal L lqu ids  from POU Run 15 

Average of 
FOW Samples t 

' a r a f f i n  A r a a t i c  
K* K' 

Vapor 13 L i q u l d  13 Sample 13 

P a r a f f l n  A r m a t l c  Para f f in  A r a a t l c  Para f f in  Aromatic 
Compound Ut  Pct Mol Ut  Mol Ut W t  Pct Mol Ut  Mol W t  K' K' ' 

H2 5.803 2.016 
N2 3.803 28.014 
COZ 0.175 44.011 
NH3 1.247 17.031 
H20 32.815 18.016 
CI 10.147 16.043 

0. I9242 
0.17834 
0.00719 
0.071 24 
7.30120 
0.58191 
0.31577 
0.20602 
0.08673 
o . n m  

5.19 5.73 5.72 6.28 

86.40 
97.95 
119.86 
142.34 
165.94 

. .~. 
3.8394 87.85 84.69 

99.42 
122.79 
145.36 
174.20 
205.24 
243.70 
286.81 

700-800" F - 
800' F 

'K - mole f rac t ion  vaporlmale f rac t ion  l l q u i d .  
Includes samole 63.  

Table 5. Vapor-Liquid Equ i l ib r lum a t  750' F and 700 p s i g  o f  Blend 13 
o f  H-Coal Liquids from POU Run 15 

Vapor L iqu ld  

P a r a f f i n  A r m t i c  Para f f in  Aromatic Para f f in  Ammatic 
Compound Ut Pct Mol U t  Mol W t  W t  Pct Mol Ut Mol W t  K' K' 

2.161 2.016 
28.014 
44.011 
24.076 
28.011 
17.031 
18.016 
16.043 
30.070 
44.097 
58.124 
72.151 
86.178 
100.205 
109.6 
150.5 
184.1 
227.2 
272.9 
330.0 

0.02043 
0.01140 
0.00731 
n 

15.21 
17.92 
9.10 

18.88 
22.25 
11.16 

12.92 
10.90 
3.82 
9.13 
7.40 
7.83 
7.29 
4.54 

0.21 
0.59 
0.32 
0.20 
0.09 

0.02 

1.419 
0.460 
0.121 
0.099 
0.056 
15.571 
6.665 
3.622 
3.234 
1.019 

10.44 
8.48 
3.08 
7.35 
5.96 
6.30 
5.84 
3.59 

%s 
!$ 
CI 
c2 
c3 
c4 
c5 

y7300" F 
300-400" F 
400-500" F 
500-600" F 
600-700" F 
700-765" F 

6.00135 
0.00095 
0.7270 
0.13036 
0.08747 
0.07379 
0.02505 
0.00521 
0.00207 
0.00241 
1.105 
1.525 
10.569 
23.776 
25.084 

0.128 
0 
n 
1.271 
5.095 
18.995 
25.894 
11.896 
2.295 

99.3 
124.1 
146.1 
173.6 
202.8 
239.2 

111.4 
148.7 

100.7 
123.5 
146.5 
175.0 
209.1 

0.17 
0.48 
0.26 
0.16 
0.07 

0.02 

184.6 
229.4 
282.7 

17.507 
9.064 
4.350 
5.924 

340.3 
424.3 
514.0 
673.6 

245.8 I 
299.4 
356.6 
458.5 

700-800" F 
800-900' F 
900-975" F 
915' F t  
~ 

*K = mole f r a c t l o n  vaporlmole f rac t lon  l i q u i d .  
Other samples were taken a t  these cond i t lons  but ana ly t i ca l  data are incomplete 
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H-COAL" PROCESS DEWNSTRATIONS, DEVELOPKNTS AND RESEARCH ACTIVITIES 

A. G. Como l l i ,  J. B. MacArthur, H. H. S t o t l e r  

Hydrocarbon Research, Inc., A S u b s i d i a r y  o f  D y n a l e c t r o n  C o r p o r a t i o n  
P. 0. Box 6047, L a w r e n c e v i l l e ,  New J e r s e y  08648 

ABSTRACT 

The H-Coal" Process i s  a d i r e c t  c a t a l y t i c  hydro1 i q u e f a c t i o n  p rocess  f o r  c o n v e r t i n g  
c o a l  i n t o  h igh-qual  i t y ,  c l e a n  hyd roca rbon  l i q u i d s .  The process has been developed 
and t e s t e d  i n  l a b o r a t o r y  equipment c o n v e r t i n g  up t o  3.5 t o n s  o f  coa l  p e r  day. The 
p rocess  has been sca led  t o  600 t o n s  o f  c o a l  pe r  day i n  t h e  r e c e n t l y - c o n s t r u c t e d  P i l o t  
P l a n t  a t  C a t l e t t s b u r g ,  Kentucky. A c o n t i n u o u s  coa l  feed, 45-day run  process ing 
I l l i n o i s  No. 6 coa l  was s u c c e s s f u l l y  conc luded i n  A p r i l  o f  1981, fo l l owed  b y  a 
131-day t e s t  run  on the  same coa l  completed i n  December of  1981. 

Development work on t h e  H-Coal P rocess  and v a r i a n t s  o f  t h e  p rocess  t o  meet s p e c i f i c  
marke t  requ i remen ts  i s  underway a t  t h e  H R I  RAD Center. Research a c t i v i t i e s  d i r e c t e d  
towards b e t t e r  c a t a l y s t s  and c a t a l y s t  r e g e n e r a t i o n  and a fundamental s t u d y  o f  how 
v a r i o u s  c o a l s  behave i n  t h e  H-Coal P rocess  a r e  p rog ress ing .  

D i s t i l  1 a t e  y i e l d s  and equipment per formance were v e r y  encouraging. F u r t h e r  opera- 
t i o n s  w i t h  Myodak and Ken tucky  c o a l s  a r e  planned. 

HISTORY 

H-Coal" i s  a d i r e c t  c a t a l y t i c  h y d r o l i q u e f a c t i o n  process based on t h e  use o f  an 
e b u l l a t e d - b e d  r e a c t o r  f o r  c o n v e r s i o n  o f  coa l  t o  d e s i r a b l e  c l e a n  l i q u i d s .  The process 
c a n  b e  a l t e r e d  t o  produce a b road  spect rum o f  hydrocarbon l i q u i d s  rang ing  from an 
a l l  - d i s t i l l a t e  syn fue l  t o  a l ow-su l  f u r  f u e l  o i l .  

The H-Coal Process, a m o d i f i c a t i o n  o f  t h e  H - O i l "  Process, was i n v e n t e d  b y  H R I  and has 
been under  development s i n c e  1963. About  twen ty  coa l  t ypes  have been t e s t e d  i n  over 
60,000 hours  o f  o p e r a t i o n .  Development and demons t ra t i on  have been c a r r i e d  ou t  i n  
bench-sca le  u n i t s  p rocess ing  about  25 pounds o f  coa l  p e r  day, i n  a PDU o f  3.5 tons '  
c o a l  c a p a c i t y  and i n  a P i l o t  P l a n t  des igned  t o  process up t o  600 t o n s  o f  coa l  per  
day. The bench-scale u n i t s  s e r v e  as t h e  p r i m a r y  research  and development t o o l  f o r  
k i n e t i c s  and p rocess  improvement s t u d i e s ,  c a t a l y s t  and coa l  e v a l u a t i o n s ,  and staged 
p rocess ing .  The PDU has been used t o  c o n f i r m  t h e  des ign  bases, o p e r a t i n g  c o n d i t i o n s ,  
and modes o f  o p e r a t i o n  f o r  t h e  P i l o t  P l a n t ,  t o  produce l a r g e  q u a n t i t i e s  o f  p roduc ts  
f o r  e v a l u a t i o n ,  and t o  deve lop  and t e s t  s p e c i a l i z e d  equipment. Large-scale 
demons t ra t i on  o f  t h e  a b i l i t y  t o  p rocess  d i f f e r e n t  coa ls ,  t h e  t e s t i n g  o f  commercial - 
s i z e  equipment, and p r o d u c t i o n  o f  l a r g e  q u a n t i t i e s  o f  p r o d u c t  f o r  f u l l - s c a l e  eva- 
l u a t i o n  a r e  accomplished a t  t h e  P i l o t  P l a n t  i n  Kentucky. 

I l l i n o i s  No. 6 c o a l  i s  c u r r e n t l y  b e i n g  processed a t  t h e  P i l o t  P l a n t .  F o l l o w i n g  the 
e v a l u a t i o n s  o f  I 1  1 i n o i s  and Ken tucky  c o a l s  i n  1981, an extended o p e r a t i o n  i s  planned 
o n  a subbi tuminous Wyodak coa l .  Data developed on equipment performance and process 
o b s e r v a t i o n s  w i l l  b e  used f o r  t h e  d e s i g n  o f  f u l l - s c a l e  commercial H-Coal p l a n t s .  A 
commercial H-Coal p l a n t  s l a t e d  f o r  e r e c t i o n  i n  B r e c k i n r i d g e ,  Kentucky i s  no* be ing 
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designed b y  Ashland S y n t h e t i c  Fuels ,  Bech te l ,  and H R I  under  t h e  sponsorship of t h e  
Department o f  Energy. 

Research and development i s  c o n t i n u i n g  a t  H R I ’ s  Research and Development Center  i n  
New Je rsey  and a t  H-Coal p a r t i c i p a n t  l a b o r a t o r i e s .  C u r r e n t  s t u d i e s  a r e  d i r e c t e d  
towards t h e  development o f  new c a t a l y s t s ,  c a t a l y s t  r e g e n e r a t i o n ,  dnd mu1 t i p l e - s t a g e  
p rocess ing  o f  h igh -oxygen-con ten t  coa ls .  Model ing o f  t h e  e b u l l a t e d  bed i s  d i r e c t e d  
towards improv ing i t s  d e s i g n  and performance. M i c r o a u t o c l  ave s t u d i e s  a r e  underway t o  
improve our  unders tand ing  of  t h e  thermal  and c a t a l y t i c  b e h a v i o r  o f  v a r i o u s  c o a l s  i n  
t h e  H-Coal Process. E n g i n e e r i n g  s t u d i e s ,  u s i n g  1 i n e a r  programming t o  o p t i m i z e  pro-  

1 Cess c o n f i g u r a t i o n ,  o p e r a t i n g  c o n d i t i o n s ,  and p r o d u c t  o p t i o n s  f o r  a complete coal  
l i q u e f a c t i o n  p l a n t ,  a r e  b e i n g  conducted a t  H R I ’ s  Process E n g i n e e r i n g  F a c i l i t y  i n  
L a w r e n c e v i l l e ,  New Jersey.  R e s u l t s  a r e  be ing  used t o  g u i d e  exper imen ta l  work and t o  

, a i d  i n  t h e  p l a n n i n g  o f  commercial p l a n t s .  

’ The c u r r e n t  sponsors, a long  w i t h  D y n a l e c t r o n  Corpo ra t i on ,  H R I ’ s  p a r e n t  company, a r e  
t h e  u. S. Department o f  Energy, Ashland O i l ,  Inc., The E l e c t r i c  Power Research 
I n s t i t u t e ,  Standard O i l  Company o f  I nd iana ,  Conoco Coal Development Company, FEobil 
O i l  Co rpo ra t i on ,  The Commonwealth o f  Kentucky, and Ruhrkohle,  AG o f  West Germany. 

O the r  commercial p r o j e c t s  a r e  i n  t h e  p l a n n i n g  Stage. 

k 

H -COAL” PROCESS 

The H-Coal Process i s  based on t h e  ebu l l a ted -bed  r e a c t o r ,  a l i q u i d - g a s  f l u i d i z e d  bed 
o f  c a t a l y s t .  The r e a c t o r  ope ra tes  a t  r e l a t i v e l y  h i g h  temperatures and p ressu res  wi th 
sma l l  amounts of  c a t a l y s t  added and removed d a i l y ,  o r  as r e q u i r e d ,  t o  m a i n t a i n  a 
d e s i r e d  s t a t e  o f  a c t i v i t y .  An aluminum-oxide-based c a t a l y s t  e x t r u d a t e  w i t h  c o b a l t  o r  
n i c k e l  and molybdenum promoters i s  c u r r e n t l y  b e i n g  used f o r  c o a l  l i q u e f a c t i o n  - 

Suppor t  - Aluminum Ox ide  
Promotor s - C o b  and N i b  
D i am e t e  r - 1.4 t o  1.7 MM 
Leng th  - 1.8 t o  10 MM 
D e n s i t y  - 0.55 t o  0.75 
Pore  D i s t r i b u t i o n  - Bimodal 
Pore Size,  Average - 50 and 130 8 

T h i s  c a t a l y s t ,  w i t h  a h i g h  sur face a r e  i s  c o n s i d e r a b l y  more a c t i v e  than  any  n a t u r -  
a l l y - o c c u r r i n g ,  d i s p o s a b l e  cata1yst.(la). ( F i g u r e  1) .  The e b u l l a t e d - b e d  r e a c t o r  i s  
c o m p l e t e l y  backmixed and opera tes  a t  near  i so the rma l  c o n d i t i o n s .  

A schematic o f  t h e  H-Coal Process i s  shown i n  F i g u r e  2. Heavy d i s t i l l a t e  and h igh -  
b o i l i n g  r e s i d u a l  o i l s  a r e  r e c y c l e d  i n  t h e  syncrude and b o i l e r - f u e l  modes t o  o p t i m i z e  
c o n v e r s i o n  and heteroatom removal. Hydroc lones p a r t i a l l y  remove sol i d s  from t h e  
heavy r e c y c l e  o i l s .  F u r t h e r  o i l  r e c o v e r y  and s o l i d s  c o n c e n t r a t i o n  a r e  achieved 
t h r o u g h  vacuum d i s t i l l a t i o n  i n  t h e  syncrude mode and b y  s o l v e n t  p r e c i p i t a t i o n  o r  
C r i t i c a l  S o l v e n t  Deashing i n  t h e  f u e l - o i l  mode. By d e f i n i t i o n  and s e l e c t i o n  t h e  
syncrude mode i s  a ba lanced  o p e r a t i o n  and enough bo t toms  a r e  produced to supp ly  t h e  
n e t  hydrogen r e q u i r e d  f o r  coa l  l i q u e f a c t i o n .  The H-Coal Process can a l s o  be operated 
a t  c o n d i t i o n s  y i e l d i n g  l e s s  bot toms and more d i s t i l l a t e  when hydrogen i s  supp l i ed  by 
p a r t i a l  o x i d a t i o n  of  c o a l  and steam re fo rm ing  the gases. The process can a l s o  be 
opera ted  i n  t h e  COIL” mode, u t i l i z i n g  heavy and l o w - c o s t  pe t ro leum f r a c t i o n s  i n  com- 
b i n a t i o n  w i t h  coa l  t o  f u r t h e r  i nc rease  d e s i r a b l e  d i s t i l l a t e  y i e l d s . (  F i g u r e  3 ) .  
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RECENT ACCOMPL ISHKNTS 

P i l o t  P l a n t  

The P i l o t  P l a n t  has  seve ra l  m a j o r  o b j e c t i v e s  which cannot  be met on l a b o r a t o r y  and 
PDU-scale equipment. These a re :  

0 Demonstrate t h e  mechanical o p e r a b i l i t y  and re1 i a b i l  i ty  o f  commercial - sca le  
equipment. 

P r o v i d e  p r o d u c t s  f o r  commercial t e s t i n g  a t  r a t e s  of  100 t o  300 t o n s  p e r  day. 

V e r i f y  y i e l d s  i n  commerc ia l - s i ze  equipment. 

Determine a p p r o p r i a t e  w a t e r i a l  s f o r  c o n s t r u c t i o n .  

0 

@ 

e 

0 E s t a b l i s h  maintenance requ i remen ts  f o r  key i t e m s  o f  equipment. 

More d e t a i l e d  process f l o w  d iagram o f  t h e  P i l o t  P l a n t  a r e  shown i n  F i g u r e  4 and 5. 

The most  i m p o r t a n t  r e c e n t  m i l e s t o n e  met  b y  t h e  H-Coal Process was t h e  success fu l  
comp le t i on ,  on A p r i l  3, 1981, o f  a 45-day, c o n t i n u o u s  coa l  r u n  on I l l i n o i s  No. 6 
B u r n i n  S t a r  coal  a t  t h e  C a t l e t t s b u r g  P i l o t  P l a n t  ope ra ted  b y  Ashland S y n t h e t i c  
Fuels .a2)  ( T a b l e  1). 9,850 t o n s  o f  c o a l  were l i q u e f i e d  a t  an average coa l  feed r a t e  
o f  184 tons lday ,  w i t h  a maximum r a t e  o f  222 tons lday ,  p roduc ing  t h r e e  b a r r e l s  o f  
d i s t i l l a t e  p e r  t o n  d r y  coa l .  The r u n  was v o l u n t a r i l y  shu t  down when a key  hyd roc lone  
f e e d  c o n t r o l  v a l v e  f a i l e d  and r e s t r i c t i o n s  formed i n  t h e  vacuum tower. 

Reac to r  o p e r a t i o n s  #ere smooth and t r o u b l e - f r e e  d u r i n g  t h e  e n t i r e  45 days. The tem- 
p e r a t u r e  drop ac ross  t h e  r e a c t o r  averaged 20°F. C a t a l y s t  was added a t  a r a t e  o f  one 
l b / t o n  o f  d r y  c o a l ;  c a t a l y s t  l o s s e s  t h r o u g h  a t t r i t i o n  were l e s s  than  0.09 l b / t o n  o f  
d r y  coa l  fed. 

Data c o l l e c t e d  f rom t h e  s l u r r y  feed  system showed a u n i f o r m  m i x i n g  o f  t h e  coa l  and 
r e c y c l e d  o i l s ,  and o i l / s o l i d s  r a t i o s  f rom 1.2 t o  1.8. The s l u r r y  feed  pumps and c i r -  
c u l a t i n g  pumps per formed reasonab ly  w e l l  w i t h  feed  pump pack ing  and seal l i v e s  from 
21 t o  45 days. Exper ience  w i t h  t h e  h e l i c a l  c o i l  p r e h e a t e r  was e x c e l l e n t .  The 
p r e s s u r e  d rop  d u r i n g  t h e  run averaged 50 p s i g ,  and t h e  c o i l  was f r e e  of coke and 
e ros ion .  

H i g h  p ressu re  l e tdown  and b l o c k  v a l v e  o p e r a t i o n ,  a ma jo r  problem i n  e a r l y  runs, was 
g r e a t l y  improved. One v a l v e  was on s t ream f o r  23 days and was removed o n l y  when a 
1 i n e  choke f a i l e d .  Hydroc lone e f f i c i e n c i e s  reached 30-40%. No s e r i o u s  e r o s i o n  was 
noted;  however, t h e r e  was some c o r r o s i o n  i n  t h e  atmospher ic  f r a c t i o n a t o r  and t h e  
c o o l i n g  water  system. (See Tab les  2, 3, 5 and F i g u r e  6 ) .  

Another  major  o p e r a t i o n  on I l l i n o i s  No. 6 coa l  was completed December 11, 1981, and 
t h e  d i f f i c u l t i e s  exper ienced  i n  a s i m i l a r  P i l o t  P l a n t  o p e r a t i o n  (Run 6 )  with t h e  con- 
t r o l  o f  r e c y c l e  o i l  i n v e n t o r y  have been solved. The t e s t  o b j e c t i v e s  s e t  b y  the  DOE 
and t h e  H-Coal i n d u s t r i a l  p a r t i c i p a n t s  were met i n  l a t e  1982 upon t h e  c o m p l e t i o n  o f  a 
131-day t e s t  r u n  w i t h  I l l i n o i s  No. 6 c o a l  b e i n g  processed a t  t h e  d e s i g n  c o n d i t i o n s  of  
220 tons/day, 72% o f  t h e  t ime. D u r i n g  t h i s  r u n  t h e  p l a n t  conve r ted  19,200 t o n s  of 
d r i e d  coa l  t o  l ow  s u l f u r  hydrocarbon d i s t i l l a t e  a t  t h r e e  b a r r e l s  o f  o i l  p e r  t o n  of  
d r y  coa l .  A m a j o r  achievement d u r i n g  t h e  r u n  was o b t a i n i n g  d u r a b i l t t y  o f  va l ves  
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o p e r a t i n g  a t  h i g h  temperature and p ressu re  w i t h  e r o s i v e  c o a l ,  ash and o i l  s l u r r i e s .  
One v a l v e  used f o r  l e t -down  s e r v i c e  f rom h i g h  t o  l o w  p r e s s u r e  w i t h  heavy o i l  and 
unconver ted coal  and ash ach ieved  1,245 hours  o f  con t i nuous  s e r v i c e .  

Research and Development Cen te r  

An i m p o r t a n t  run i n  suppor t  o f  t h e  P i l o t  P l a n t ,  i n v o l v i n g  t e s t i n g  a new c a t a l y s t  w i t h  
Wyodak coa l ,  has been s u c c e s s f u l l y  completed. T h i s  run, PDU 10, was conducted i n  the 
3.5 t o n s l d a y  PDU, and i n c l u d e d  46 days o f  syncrude mode opera t i on .  Coal conve rs ion  
above 90% and C4-975"F d i s t i l l a t e  y i e l d s  o f  47-53% on an M4F b a s i s  were achieved. 
( T a b l e  4 ) .  C a t a l y s t  a c t i v i t y  and s o l v e n t  q u a l i t y  reached e q u i l i b r i u m  i n  twen ty  days. 
I n  comparison t o  p r e v i o u s  o p e r a t i o n s ,  t h e  new c a t a l y s t ,  Amocat l A ,  gave improved 
y i e l d s  and lower  hydrogen consumptions w i t h  l ower  o i l  v i s c o s i t i e s .  A c a t a l y s t  t r a c e r  
s t u d y  conducted d u r i n g  t h e  run, w i t h  a s s i s t a n c e  from Sandia Labs, i n d i c a t e d  complete 
m i x i n g  of  t h e  e b u l l a t e d  bed system. ( F i g u r e  7 ) .  I n s p e c t i o n  o f  t h e  u n i t  f o l l o w i n g  the 
r u n  showed complete freedom f r o  ca l c ium-ca rbon  t ype  d e p o s i t s  r e p o r t e d  b y  o t h e r  pro- 
cesso rs  o f  subbituminous coa l  s.y3) 

Ano the r  ma jo r  achievement o f  t h e  H R I  R&D Center  has been t h e  complete r e g e n e r a t i o n  
and a c t i v i t y  recove ry  o f  t h e  H-Coal c a t a l y s t .  P rev ious  r e g e n e r a t i o n  c o n s i s t e d  o f  
ca rbon  b u r n o f f  t o  r e c o v e r  60% o f  t h e  i n i t i a l  c a t a l y s t  a c t i v i t y .  The new techniques 
show t o t a l  recove ry  o f  i n i t i a l  a c t i v i t y  ( F i g u r e  8 ) .  T h i s  f i n d i n g  w i l l  have a s i g n i -  
f i c a n t  impact  on c a t a l y s t  c o s t s  and d i s t i l l a t e  y i e l d s .  The p rocedure  f o r  regenera- 
t i o n  i n v o l v e d  a simp1 e p h y s i c a l  and chemical  t r e a t m e n t  a t  a tmospher ic  c o n d i t i o n s .  

PLANS 

R & D Cen te r  

- 

H R I  p l a n s  t o  c o n t i n u e  t h e  development and demons t ra t i on  o f  c a t a l y s t  r e g e n e r a t i o n  and 
t o  c o n t i n u e  t h e  development o f  new and more s p e c i f i c  H-Coal c a t a l y s t s . ( 4 *  5, Other 
f o r e i g n  and domestic c o a l s  w i l l  be s t u d i e d  and processed. 

F u r t h e r  R&D Center  a c t i v i t y ,  i n v o l v i n g  m u l t i - s t a g e  p r o c e s s i n g  and t h e  use o f  cleaned 
c o a l s  and new c a t a l y s t s ,  i s  i n c l u d e d  i n  a c o n t r a c t  w i t h  DOE e x t e n d i n g  th rough  1982. 

P i l o t  P l a n t  

A t  t h e  P i l o t  P l a n t  i n  C a t l e t t s b u r g ,  o p e r a t i o n  on Wyodak and ano the r  b i t um inous  coal 
w i l l  c o n t i n u e  th rough  1982, f o l l o w e d  b y  a tu rna round  and t h e  p rocess ing  o f  o t h e r  
domest ic  and f o r e i g n  coals .  

Commercial P l a n t  

Work has r e c e n t l y  been completed on t h e  process des ign,  c o s t  e s t i m a t i o n ,  economic 
a n a l y s i s  and env i ronmenta l  assessment f o r  a commercial - s c a l e  H-Coal 1 i q u e f a c t i o n  
p l a n t .  T h i s  p l a n t  i s  t o  be l o c a t e d  i n  B r e c k i n r i d g e  County, Kentucky and i s  designed 
t o  feed  approx ima te l y  22,500 tons /day  of  run-of -mine I l l i n o i s  No. 6 coa l  t o  produce a 
nominal 50,000 b a r r e l s  p e r  day of  hydrocarbon d i s t i l l a t e  products .  ( T a b l e  5 ) .  The 
p l a n t  would be owned and opera ted  b y  a p a r t n e r s h i p  o f  companies headed by Ashland O i l  
Company. C o n s t r u c t i o n  i s  scheduled t o  b e g i n  i n  1983 w i t h  i n i t i a l  p r o d u c t i o n  of  
H-Coal s y n f u e l s  i n  1988. 
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TABLE 1. ANALYSIS OF ILLINOIS No. 6 COAL 

ULTIMTE ANALYSIS 
Carbon 69.66 
Hydrogen 5.10 
N i t r o g e n  1.22 
S u l f u r  3.60 
Ash 10.48 
Oxygen ( d i f f e r e n c e )  9.88 

MINERAL ANALYSIS 
S i  1 i c a  
A1 umina 
F e r r i c  Oxide 
Lime 
S u l f u r  T r i o x i d e  
O t h e r s  
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46.62 
18.95 
19.36 

5.97 
4.26 
7.23 



TABLt 2. H-COAL PILOT PLANT - OPERATING CONDITIONS FOR TYPICAL DAY - 3/27/81 - 3/28/81 

\ A c t u a l  T a r g e t  - -  
Hydrogen Pressure,  p s i  3000 3000 
Reac to r  Temperature, OF 84 5 850 
Coal Feed, Tons/Day 222 21 9 
O i l - t o - S o l  i d  R a t i o  1.65 1.75 
S l u r r y  Feed Rate, Lb/Hr 55,400 
Space V e l o c i t y ,  Lbs  Dry Coa l /H r /F t3  31.6 31.2 
Hydroc l  one r e c y c l  e f low, % o f  s l  u r r y  o i l  47 66 

TABLE 3. H-COAL PILOT PLANT - PRELIMINARY YIELDS* FOR TYPICAL DAY - 3/27/81 - 3/28/81 

c1-c3 
Naphtha (C4-400"F) 
D i s t i l l a t e  (400-975OF) 
Residuum O i l  (975°F') 
Unconver ted Coal 
Ash 
TOTAL 

*Dry Coal B a s i s  

ACTUAL TARGET 
W t .  PERCtNT B B L / m  W t m t N T  B B L / m  

10.96 10.68 
22.71 1.66 18.74 1.40 
23.89 1.46 28.33 1.63 
21.62 0.94 19.00 0.86 

3.47 5.78 
11.22 11.51 

7755 3x3- 

I TABLE 4. H-COAL" PILOT PLANT RUN NO. 8 

OBJECTIVES 

1. Demonstrat ion o f  s o l v e n t  ba lance  d u r i n g  p e r i o d s  o f  coa l  feed. 
2. Demonstrat ion t h a t  s a t i s f a c t o r y  hyd roc lone  e f f i c i e n c i e s  ( 3 0  p e r c e n t )  can be 

3. Opera t i on  o f  t h e  Lean O i l  A b s o r p t i o n  System. 
4. C o n f i r m a t i o n  o f  t h e  y i e l d s  o b t a i n e d  i n  the  Process Development U n i t  Run No. 5. 
5. Accumulat ion o f  e n g i n e e r i n g  data. 

achieved. 

I 
OPERATING CONDITIONS 

Dry Coal Feed Rate 219 T/D 
Space V e l o c i t y  3 1  l b / h r / f t 3  
Average Reactor  Temperature 850°F 
O i l / S o l  i d s  Feed R a t i o  1.75 l b / l b  
Gas F low t o  Reac to r  550,000 SCFH 
Reactor  P ressu re  3,000 p s i g  
I n l e t  Hydrogen P a r t i a l  P ressu re  2,400 p s i g  
Out1 e t  Hydrogen P a r t i a l  P ressu re  1,900 p s i g  
C a t a l y s t  Replacement Rate 1 l b / t o n  d r y  c o a l  f ed  
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TABLE 5. H-COAL PILOT PLANT RUN NO. 8 

RESULTS 

1. So lven t  ba lance  was demonstrated d u r i n g  p e r i o d s  o f  coa l  feed. Dur ing  a four-day 
m a t e r i a l  ba lance,  335 b a r r e l s  o f  s o l v e n t  ( f r a c t i o n a t o r  bo t toms)  were accumulated. 
Approx ima te l y  1,000 b a r r e l s  o f  heavy d i s t i l l a t e  and 5,000 b a r r e l s  o f  l i g h t  
d i s t i l l  a t e  were accumul a t e d  were accumulated d u r i n g  Run No. 8. 

2. S a t i s f a c t o r y  hyd roc lone  e f f i c i e n c i e s  were demonstrated. E f f i c i e n c i e s  as h i g h  as 

3. The Lean O i l  A b s o r p t i o n  System was operated s u c c e s s f u l l y  d u r i n g  Run 8. On-stream 

4. An e x c e l l e n t  m a t e r i a l  ba lance  t e s t  was achieved ove r  a fou r -day  p e r i o d  from 

30 pe rcen t  were achieved. 

t i m e  was a p p r o x i m a t e l y  90 percen t .  

October 29 u n t i l  November 2. P l a n t  c o n d i t i o n s  were s t a b l e ,  and the  y i e l d s  were i n  
agreement w i t h  Process Development U n i t  Run No. 5. 

5. Eng ineer ing  da ta  was o b t a i n e d  f o r  t h e  f o l l o w i n g :  

a. S l u r r y  Mix  System 
b. S1 u r r y  Heater  
c. Vapor L i q u i d  E q u i l i b r i u m  
d. Lean O i l  Absorber  
e. F r a c t i o n a t i o n  
f. Hydrocl one 
g. P a r t i t i o n  C o e f f i c i e n t s  o f  Phenol i n  Hydocarbon and Water 
h. Heat o f  R e a c t i o n  
i. Heat T r a n s f e r  C o e f f i c i e n t s  f o r  C r i t i c a l  Exchangers 
j. C h l o r i d e  D i s t r i b u t i o n  
k .  Bowl M i l l  
1. Coal Weigh Feeder 
m. Letdown Va lve  Program 
n. Cor ros ion  and E r o s i o n  M o n i t o r i n g  
0. Vo lumet r i c  E f f i c i e n c y  o f  S1 u r r y  Charge Pumps 
p. Reduced Exchanger Washwater R a t e s  
q. S l u r r y  V i s c o s i t y  
r. C h a r a c t e r i z a t i o n  o f  S t r i p p e d  Process  Water 
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TABLE 6. COWARISON OF YIELDS - ILLINOIS NO. 6 COAL - RUN NO. 8 

P i l o t  P l a n t  PDU 5 
Tbs/lUU l b  lbs / lOU l b  

Dry Coal B b l / t o n  Dry Coal B b l / t o n  

c1-c3 11.77 10.68 

C4-4OO"F 22.41 1.69 18.74 1.40 

400 -650°F 16.46 0.99 20.37 1.21 

650-975°F 8.81 0.46 7.96 0.41 

Residuum + 
Unconverted Coal 24.70 24.80 - 

TOTAL 3.14 3.02 

TABLE 7. PDU 6 and 10, WYODAK COAL PRODUCT YIELDS 

YIELDS, W 'Z MAF COAL BASIS 

c1-c3 

C4-4OO"F 

400 -97 5" F 

POU 10 

11.2 

24.6 

27.2 

975°F' (Residual  O i l )  11.9 

Coal Conversion, W % 91.5 

Hydrogen Consumption, W % Dry Coal 5.75 
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PDU 6 - 
13.7 

28.0 

20.2 

12.7 

93 

6.25 
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INTRODUCTION 

A very i m p o r t a n t  c h a r a c t e r i s t i c  of l i q u i d  h y d r o c a r b o n s  d e r i v e d  from 
e i t h e r  p e t r o l e u m  o r  s y n t h e t i c  f u e l  f e e d s t o c k s  i s  t h e  b o i l i n g  p o i n t  d i s -  
t r i b u t i o n .  I n  many p l a n t  o p e r a t i o n s ,  a l l  y i e l d  c a l c u l a t i o n s ,  mater ia l  
b a l a n c e s ,  p h y s i c a l  p r o p e r t y  c o r r e l a t i o n s ,  a n d  compute r  p r o c e s s  s imula -  
t i o n s  a r e  b a s e d  upon t h e  t r u e  b o i l i n g  p o i n t  (TBP) d i s t i l l a t i o n  c u r v e  o f  
t h e  streams i n  q u e s t i o n .  U n t i l  t h e  a d v e n t  o f  s i m u l a t e d  d i s t i l l a t i o n ,  
t h e r e  were two b a s i c  methods f o r  d e t e r m i n i n g  t h e  TBP d i s t i l l a t i o n  f o r  a 
s a m p l e :  (1) t o  a c t u a l l y  p e r f o r m  a TBP d i s t i l l a t i o n ,  which i s  a t i m e  cor 
suming p r o c e d u r e  ( u s u a l l y  a minimum o f  e i g h t  h o u r s ) ,  o r  ( 2 )  t o  pe r fo rm 
s i n g l e  t h e o r e t i c a l  p l a t e  d i s t i l l a t i o n  ( d e s i g n a t e d  by t h e  American S o c i e t y  
for T e s t i n g  a n d  Materials as Method D-861 f o r  a t m o s p h e r i c  d i s t i l l a t i o n s ,  
a n d  Method D-11602 f o r  vacuum d i s t i l l a t i o n s ) ,  and  c o n v e r t i n g  t h e  d a t a  t o  
TBP by m a t h e m a t i c a l  c o r r e l a t i o n s .  With t h e  i n t r o d u c t i o n  o f  s i m u l a t e d  
d i s t i l l a t i o n  b y  gas ch romatography  ( d e s i g n a t e d  ASTM D,28873), a method, 
wh ich  o f f e r s  a r e l a t i v e l y  s h o r t  a n a l y s i s  time of a p p r o x i m a t e l y  one  hour ,  
became a v a i l a b l e  t o  t h e  a n a l y s t ,  The v a l i d i t y  o f  t h e  u s e  o f  s i m u l a t e d  
d i s t i l l a t i o n  f o r  H-Coal0 l i q u i d s  h a s  b e e n  q u e s t i o n e d  due t o  t h e  p r e s e n c e  
o f  oxygena ted  compounds a n d  la rge  c o n c e n t r a t i o n s  o f  a r o m a t i c  components .  
The o b j e c t i o n  t o  t h e  u s e  o f  s i m u l a t e d  d i s t i l l a t i o n  f o r  t h e  a n a l y s i s  o f  
h i g h l y  a r o m a t i c  o i l s ,  s u c h  as t h o s e  d e r i v e d  from c o a l  l i q u e f a c t i o n  pro-  
c e s s e s ,  i s  t h a t  t h e  i n d i c a t e d  b o i l i n g  p o i n t s  o f  p u r e  m u l t i p l e  r i n g  com- 
p o n e n t s  as d e t e r m i n e d  by s i m u l a t e d  d i s t i l l a t i o n  w i l l  d i f f e r  s u b s t a n t i a l l y  
( 2 0  t o  100°F) from t h e  p u r e  component b o i l i n g  p o i n t s .  ASTM D-2887 sug- 
ges t s  t h a t  t h i s  i s  d u e  a t  l e a s t  i n  p a r t  t o  d i f f e r e n t  b e h a v i o r  o f  t h e  
v a p o r - p r e s s u r e - t e m p e r a t u r e  r e l a t i o n s h i p  f o r  a r o m a t i c  compounds as com- 
p a r e d  t o  o t h e r  h y d r o c a r b o n  t y p e s .  One n o t e s ,  however ,  t h a t  a l l  o f  t h e  
components  m e n t i o n e d  by t h e  ASTM method do n o t  c o n t a i n  any  m u l t i p l e  r i n g  
a r o m a t i c  compounds t h a t  h a v e  a l k y l  s u b s t i t u e n t  g r o u p s .  The p u r p o s e  of 
t h i s  p a p e r  i s  t o  examine a c o m p a r i s o n  o f  s i m u l a t e d  d i s t i l l a t i o n  t o  TBP 
d e r i v e d  from b o t h  a c t u a l  TBP d i s t i l l a t i o n s  and  s i n g l e  t h e o r e t i c a l  p l a t e  
d i s t i l l a t i o n s  c o n v e r t e d  t o  TBP f o r  v a r i o u s  H-Coal0 d i s t i l l a t e s .  
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EXPERIMENTAL 

\ The t r u e  b o i l i n g  p o i n t  d i s t i l l a t i o n  d a t a  p r e s e n t e d  was o b t a i n e d  
u s i n g  a Tod& d i s t i l l a t i o n  column,  h a v i n g  f i f t e e n  ( 1 5 )  t h e o r e t i c a l  
p l a t e s  and a f i v e  t o  one r e f l u x  r a t i o .  The o v e r h e a d  mater ia l  was mea- 
s u r e d  on t h e  b a s i s  o f  t r u e  w e i g h t  p e r c e n t ,  i . e . ,  t h e  w e i g h t  o f  o v e r -  
head  m a t e r i a l  was compared t o  t h e  w e i g h t  of m a t e r i a l  o r i g i n a l l y  c h a r g e d  
t o  t h e  d i s t i l l a t i o n .  The d i s t i l l a t i o n  was c a r r i e d  o u t  u n d e r  a t m o s p h e r i c  

t o  p r e v e n t  t h e r m a l  d e c o m p o s i t i o n  ( c r a c k i n g ) .  The s i n g l e  t h e o r e t i c a l  
p l a t e  d i s t i l l a t i o n s  were p e r f o r m e d  as p e r  t h e i r  r e s p e c t i v e  ASTM method.  
The methods used  t o  c o n v e r t  t h e  s i n a l e  t h e o r e t i c a l  D l a t e  d i s t i l l a t i o n  

, c o n d i t i o n s  a s  much as  p o s s i b l e ,  w i t h  vacuum b e i n g  a p p l i e d  a s  n e c e s s a r y  

d a t a  t o  TBP d a t a  are  t h o s e  o u t l i n e d - i n  t h e  American' P e t r o l e u m  I n s t i t u t e  
T e c h n i c a l  Data Book. The method u s e d  t o  c o n v e r t  ASTM D-86 d a t a  t o  TBP 
d a t a  was Amprocedure  3 A 1 . 1 4 .  I n  t h e  c a s e  of ASTM D-1160 d i s t i l l a t i o n s ,  
t h e  p r o c e d u r e  was more complex,  r e s u l t i n g  from t h e  a d d i t i o n a l  v a r i a b l e  
o f  vacuum. Any d i s t i l l a t i o n  d a t a  n o t  c a r r i e d  o u t  a t  1 0  mm Hg was f i r s t  
c o n v e r t e d  t o  d i s t i l l a t i o n  d a t a  a t  1 0  mm Hg u s i n g  A P I  p r o c e d u r e  5A1.85. 
The ASTM D-1160 d i s t i l l a t i o n  d a t a  a t  1 0  mm Hg w a s  t h e n  c o n v e r t e d  t o  TBP 
d a t a  a t  1 0  mm Hg u s i n g  A P I  p r o c e d u r e  3A1.Z6. The r e s u l t i n g  TBP d a t a  at 
1 0  mm Hg was c o n v e r t e d  t o  TBP d a t a  at  760 mm H g  u s i n g  A P I  p r o c e d u r e  
5A1.137. 

A l l  s i m u l a  e d  d i s t i l l a t i o n  d a t a  p r e s e n t e d  was o b t a i n e d  u s i n g  a 
Hewle t t  Packarddb 5731 g a s  chromatograph  e q u i p p e d  w i t h  d u a l  flame i o n -  
i z a t i o n  d e t e c t o r s .  The columns u s e d  were  1 0 %  UCW-982 on Chromasorb 
PAW ( 2 0  i n c h e s  i n  l e n g t h ,  1/8 i n c h e s  i n  d i a m e t e r ) ,  w i t h  t h e  tempera-  
t u r e  of t h e  column oven  programmed from - 5 O O C  t o  35OoC a t  a r a t e  o f  8 O c  
p e r  m i n u t e ,  d u r i n g  t h e  a n a l y s i s .  C a l i b r a t i o n  f o r  t h e  s i m u l a t e d  d i s t i l -  
l a t i o n  w a s  based  upon normal  p a r a f f i n  h y d r o c a r b o n s  (nC2 t o  n 4 4 ) .  Cal-  
c u l a t i o n s  were per formed as p e r  ASTM D-2887 u s i n g  a Mod Comp& computer .  
S i n c e  t h e  r e s p o n s e  o f  a f lame i o n i z a t i o n  d e t e c t o r  i s  p r o p o r t i o n a l  t o  
t h e  number of  c a r b o n  atoms p r e s e n t ,  it i s  assumed s i m u l a t e d  d i s t i l l a t i o n  
d a t a  o b t a i n e d  u s i n g  t h i s  t y p e  of d e t e c t o r  c l o s e l y  a p p r o x i m a t e s  w e i g h t  
p e r c e n t  d a t a .  A d d i t i o p a l  d e v i a t i o n s  may o c c u r  w i t h  t h e  p r e s e n c e  o f  
h e t e r o a t o m  compounds, however ,  i t  i s  f e l t  t h a t  t h e  r e s u l t i n g  d a t a  w i l l  
be  c l o s e r  t o  w e i g h t  p e r c e n t  d a t a  t h a n  any  o t h e r  method o f  r e p o r t i n g .  
With t h i s  i n  mind, a l l  TBP d a t a  were e x p r e s s e d  i n  w e i g h t  p e r c e n t .  Mea- 
s u r e m e n t s  from t h e  d i r e c t  TBP d i s t i l l a t i o n  were t a k e n  i n  w e i g h t  p e r c e n t ,  
and t h e  volume p e r c e n t  s i n g l e  t h e o r e t i c a l  p l a t e  d i s t i l l a t i o n  d a t a  was 
c o n v e r t e d  t o  weight  p e r c e n t  d a t a  u s i n g  a l e a s t  s q u a r e d  r e g r e s s i o n  de- 
v e l o p e d  by Hydroc r b o n  R e s e a r c h ,  I n c .  which r e l a t e s  d e n s ' t y  t o  b o i l i n g  
p o i n t s  f o r  H-Coal6 l i q u i d s  d e r i v e d  from I l l i n o i s  # 6  c o a l $ .  

RESULTS A N D  DISCUSSION 

In o r d e r  t o  make a compar ison  of s i m u l a t e d  d i s t i l l a t i o n  d a t a  t o  
t r u e  b o i l i n g  p o i n t  d i s t i l l a t i o n  d a t a ,  a d e f i n i t i o n  of TBP d a t a  i s  i n  
o r d e r .  The i d e o l o g i c a l  c o n c e p t  of a TBP c u r v e  r e s u l t s  from a p l o t  
d e r i v e d  from a comple te  c o m p o s i t i o n a l  a n a l y s i s  o f  t h e  sample  and t h e  
p u r e  component b o i l i n g  p o i n t s  of  t h e  i n d i v i d u a l  components .  F o r  a 
s i m p l e  m i x t u r e ,  t h i s  p l o t  would b e  a s e r i e s  o f  p l a t e a u s ,  r e s u l t i n g  i n  
a p l o t  t h a t  i n c r e a s e s  i n  a s t e p - l i k e  manner as t h e  t e m p e r a t u r e  i n -  
c r e a s e s .  As t h e  number o f  components  i n  t h e  m i x t u r e  i n c r e a s e s ,  t h e  
s t e p - l i k e  n a t u r e  o f  t h e  p l o t  d e c r e a s e s ,  u n t i l  w i t h  a n  i n f i n i t e  number 
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o f  components ,  t h e  p l o t  becomes a smooth c u r v e .  F o r  v e r y  complex mix-  
t u r e s ,  t h e  c o m p l e t e  c o m p o s i t i o n a l  a n a l y s i s  r e q u i r e d  f o r  p l o t t i n g  t h i s  
t y p e  o f  TBP c u r v e  i s  p r a c t i c a l l y  i m p o s s i b l e  f o r  r o u t i n e  s a m p l e s .  The 
a l t e r n a t i v e  t o  t h i s  t y p e  o f  TBP c u r v e  i s  one d e t e r m i n e d  e m p i r i c a l l y  by 
p l o t t i n g  t h e  o v e r h e a d  t e m p e r a t u r e  v e r s u s  w e i g h t  o r  volume p e r c e n t  of 
m a t e r i a l  condensed  i n  a b a t c h  d i s t i l l a t i o n  i n  wh ich  t h e  number o f  
t h e o r e t i c a l  p l a t e s  and  r e f l u x  r a t i o  i s  se t  s u c h  t h a t  an  i n c r e a s e  o f  
e i t h e r  w i l l  p r o d u c e  no s i g n i f i c a n t  d e v i a t i o n s  o f  t h e  d a t a .  T h i s  em- 
p i r i c a l l y  d e t e r m i n e d  TBP c u r v e  may d e v i a t e  s u b s t a n t i a l l y  f rom t h e  
i d e o l o g i c a l  t y p e  o f  TBP c u r v e  due t o  t h e  f o r m a t i o n  o f  minimum o r  
maximum a z e o t r o p e s .  I n  a d d i t i o n  t o  a z e o t r o p e  f o r m a t i o n ,  t h e  s i n g l e  
t h e o r e t i c a l  p l a t e  d i s t i l l a t i o n  t e c h n i q u e  s u f f e r s  f rom i n a d e q u a t e  
s e p a r a t i o n .  

S i n c e  i t  i s  p r a c t i c a l l y  i m p o s s i b l e  t o  compare s i m u l a t e d  d i s t i l -  
l a t i o n  d a t a  t o  i d e a l  TBP d a t a ,  d u e  t o  t h e  e x t r e m e l y  complex m i x t u r e s  
found i n  t h e s e  l i q u i d s ,  t h e  o n l y  a l t e r n a t i v e  i s  t o  compare s i m u l a t e d  
d i s t i l l a t i o n  d a t a  w i t h  t h e  e m p i r i c a l l y  d e t e r m i n e d  TBP d i s t i l l a t i o n  
c u r v e .  F i g u r e  1 compares  t h e  d i s t i l l a t i o n  c u r v e s  o b t a i n e d  by d i r e c t  
w e i g h t  p e r c e n t  TBP d i s t i l l a t i o n  a n d  s i m u l a t e d  d i s t i l l a t i o n  f o r  a f u l l  
r a n g e  H - C o a l R  s y n c r u d e .  Due t o  l i m i t a t i o n s  i n h e r e n t  i n  t h e  s i n g l e  
t h e o r e t i c a l  p l a t e  d i s t i l l a t i o n  a r i s i n g  from t h e  minimum o r  maximum 
o v e r h e a d  t e m p e r a t u r e  a l l o w e d ,  compar isons  o f  t h e  b o i l i n g  p o i n t  d i s -  
t r i b u t i o n  o f  f r a c t i o n s  e r e  made. F i g u r e s  2 3, and  4 compare b i l i n g  
p o i n t  c u r v e s  f o r  H-CoaZ6 n a p h t h a  (IBP t o  400*F & a c t i o n ) ,  H-Coal8 mid- 
d l e  d i s t i l l a t e  (400-650°F f r a c t i o n ) ,  and  H-Coal heavy d i s t i l l a t e  (6500F 
p l u s  f r a c t i o n ) .  I n  o r d e r  t o  compare s i m u l a t e d  d i s t i l l a t i o n  d a t a  w i t h  
d e i g h t  p e r c e n t  TBP d a t a ,  t h e  minimum, maximum and a v e r a g e  d e v i a t i o n s  
l e t w e e n  t h e  two t y p e s  o f  a n a l y s e s  and r e p l i c a t e  a n a l y s e s  v i a  t h e  same 
nethod were computed ( s e e  T a b l e  I ) .  S i n c e  a l l  d i s t i l l a t i o n s ,  w i t h  t h e  
? x c e p t i o n  of  t h e  d i r e c t  TBP d i s t i l l a t i o n  were p e r f o r m e d  i n  d u p l i c a t e  
or t r i p l i c a t e ,  t h e  d e v i a t i o n s  between t h e  t y p e s  o f  a n a l y s e s  were based 
upon a v e r a g e  v a l u e s  f o r  e a c h  b o i l i n g  p o i n t .  One n o t e s  t h a t  i n  a l l  c a s e s ,  
t h e  d e v i a t i o n  v a l u e s  c a l c u l a t e d  for r e p l i c a t e  s i m u l a t e d  d i s t i l l a t i o n  
d a t a  are  l o w e r  t h a n  t h e  d e v i a t i o n  v a l u e s  c a l c u l a t e d  f o r  r e p l i c a t e  TBP 
d a t a .  It i s  a l s o  n o t e d  t h a t  t h e  maximum and a v e r a g e  d e v i a t i o n s  between 
t h e  a v e r a g e  s i m u l a t e d  d i s t i l l a t i o n  d a t a  and t h e  a v e r a g e  TBP d a t a  i s  
smaller t h a n  t h e  d e v i a t i o n  f o r  r e p l i c a t e  TBP a n a l y s e s  i n  a l l  c a s e s  
e x c e p t  for t h e  n a p h t h a  f r a c t i o n .  It  i s  f e l t  t h a t  t h e  l a r g e r  d e v i a t i o n  
o f  t h e  n a p h t h a  f r a c t i o n  b o i l i n g  p o i n t  c u r v e s  i s  due t o  t h e  i n a d e q u a t e  
s e p a r a t i o n  i n h e r e n t  i n  s i n g l e  t h e o r e t i c a l  p l a t e  d i s t i l l a t i o n s .  It i s  
a l s o  o b s e r v e d  t h a t  f o r  t h e  d i r e c t  TBP d i s t i l l a t o n ,  t h e  g r e a t e r  d e v i -  
a t i o n s  o c c u r r e d  when vacuum was a p p l i e d  t o  t h e  s y s t e m .  T h i s  o b s e r -  
v a t i o n  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  a small  change  i n  a r e d u c e d  
p r e s s u r e  b o i l i n g  p o i n t  w i l l  magnify when c o n v e r t e d  t o  an a t o m o s p h e r i c  
p r e s s u r e  b o i l i n g  p o i n t .  A s  a r e s u l t ,  f rom t h e  e x a m i n a t i o n  o f  t h e  d i s -  
t i l l a t i o n  d a t a  i t  becomes a p p a r e n t  t h a t  s i m u l a t e d  d i s t i l l a t i o n  d a t a  
compares  f a v o r a b l y  w i t h  w e i g h t  p e r c e n t  d i s t i l l a t i o n  d a t a ,  w h e t h e r  
d e r i v e d  from d i r e c t  TBP d i s t i l l a t i o n  or s i n g l e  t h e o r e t i c a l  p l a t e  d i s -  
t i l l a t i o n  d a t a  and  c o n v e r t e d  t o  TBP d a t a .  
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AUTOCATALYTIC LIQUEFACTION OF COAL 

Shaik A. Qader 

JET PROPULSION LABORATORY 
C a l i f o r n i a  I n s t i t u t e  o f  Technology 

4800 Oak Grove D r i v e  
Pasadena, C a l i f o r n i a  91103 

I NTRODllCT I O N  

I n  coa l  l i q u e f a c t i o n ,  conve rs ion  o f  s o l i d  coa l  t o  a l i q u i d  takes p lace  
i n  a s tep-wise manner, e s s e n t i a l l y  i n  two stages. I n  t h e  f i r s t  staqe, 
p y r o l i t i c  break-up o f  t h e  coa l  m a t r i x  t akes  p lace  under m i l d  c o n d i t i o n s  o f  
temperature and p ressu re  a t  s h o r t  r e a c t i o n  t i m e ~ l - ~  y i e l d i n g  a h i g h l y  
v iscous i n t e r m e d i a t e  p roduc t  c o n t a i n i n q  mos t l y  asphaltenes. The i n i t i a l  
p y r o l i t i c  r e a c t i o n  i s  f a s t  and does no t  need any c a t a l y s t .  I n  t h e  second 
staqe, t h e  i n t e r m e d i a t e  p roduc t  underqoes a s e r i e s  o f  c r a c k i n g  and 
hyd roqena t ion  r e a c t i o n s  and i s  conve r ted  t o  a r e f i n e d  o i l .  The second stage 
convers ion r e q u i r e s  r e l a t i v e l y  severe c o n d i t i o n s  o f  temperature and pressure,  
l onger  r e a c t i o n  t imes  and an e f f e c t i v e  c a t a l y s t ,  

under development, conve rs ion  o f  coa l  t o  t h e  l i q u i d  product  t akes  p lace  i n  a 
s i n q l e  s t e p  operat ion.  Coal l i q u e f a c t i o n  and upqrading o f  t h e  l i q u e f i e d  coal 
t a k e  p lace  under t h e  same c o n d i t i o n s  and i n  t h e  same reac to r .  But i t  i s  
advantageous t o  c a r r y  out  coa l  l i q u e f a c t i o n  i n  two separate s teps because 
each s tep can be c a r r i e d  o u t  under  c o n d i t i o n s  op t ima l  f o r  it. The two-s tep  
approach was used i n  some o f  t h e  German p l a n t s 8  where coa l  paste was 
hydrogenated i n  t h e  f i r s t  s t e p  and t h e  m idd le  o i l  f r a c t i o n  o f  t h e  product  was 
hydrocracked t o  g a s o l i n e  i n  a second step.  
t h e  C o n s o l i d a t i o n  Coal Company was a l s o  c a r r i e d  ou t  i n  two separate s teps.  
I n  the  f i r s t  step, a coal  e x t r a c t  was produced which was subsequent ly  
hydrocracked i n  a second s tep  t o  g a s o l i n e  u s i n g  mol ten z i n c  c h l o r i d e  as t h e  
c a t a l y s t .  
i s  be ing developed under t h e  j o i n t  sponsorship o f  t h e  U.S. Department o f  
Enerqy, The Lummus Company and C i t i e s  S e r v i c e  Research and Development Company 
f o r  t he  p r o d u c t i o n  o f  d i s t i l l a t e  o i l  f r om coal .  I n  t h i s  process, coa l  
undergoes l i q u e f a c t i o n  a t  s h o r t  r e a c t i o n  t imes  i n  t h e  f i r s t  s tep  and t h e  
l i q u e f i e d  c o a l ,  a f t e r  removal o f  t h e  s o l i d s ,  undergoes c a t a l y t i c  hyd roc rack inq  
i n  t h e  second step. The h y d r o c r a c k i n q  takes p lace  i n  an expanded bed r e a c t o r  
u s i n g  a commercial nickel-molybdenum c a t a l y s t .  It was c la imed t h a t  t h e  
two-step o p e r a t i o n  i nc reases  l i q u i d  product  y i e l d  and improves hydrogen 
u t i l i z a t i o n  e f f i c i e n c y .  T h i s  paper desc r ibes  t h e  development o f  t h e  
A u t o c a t a l y t i c  Coal L i q u e f a c t i o n  process which a l s o  operates i n  two steps. I n  
t h e  f i r s t  s tep,  coal  underqoes l i q u e f a c t i o n  a t  s h o r t  r e a c t i o n  t imes  and t h e  
l i q u e f i e d  coal  undergoes c a t a l y t i c  hyd roc rack ing  i n  t h e  presence o f  a coal  
d e r i v e d  m ine ra l  c a t a l y s t  i n  t h e  second step. 

EXPERIMENTAL 

I n  most o f  t h e  coal l i q u e f a c t i o n  processes (SRC5, Ens6, H-Coal7) 

The CSF process9 developed by 

A t  t h e  present  t ime ,  a two-step l i q u e f a c t i o n  processlO.ll 

A b i tuminous coal  b lend  made o u t  o f  Kentucky No. 6 and No. 11 c o a l s  was 
used i n  t h e  Shor t  Reac t ion  Time (SRT) l i q u e f a c t i o n  experiments. 
of t h e  blended coal i s  g i ven  i n  Tab le  1. A d i s t i l l a t e  coal  l i q u i d  produced 

The a n a l y s i s  
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from t h e  blended coal  a t  t h e  W i l s o n v i l l e  coal  l i q u e f a c t i o n  p i l o t  p l a n t  was 
used as t h e  s o l v e n t  i n  t h e  SRT l i q u e f a c t i o n  experiments. 
s o l v e n t  i s  g iven i n  Table 2. The hydrogen con ten t  o f  8.18 percent  and a H/C 
(a tomic )  r a t i o  o f  1.12 i n d i c a t e  t h a t  t h e  s o l v e n t  con ta ins  a f a i r l y  h i g h  
concen t ra t i on  o f  hydroaromat ics.  The SRT l i q u e f i e d  coa l  used as the  feed i n  
t h e  hyd roc rack ing  exper iments was prepared i n  a ba tch  s t i r r e d  au toc lave  f rom 
t h e  blended coal u s i n g  t h e  W i l s o n v i l l e  so l ven t  a t  45OoC, 2500 p s i  and 10 
minutes r e a c t i o n  t ime. The a n a l y s i s  o f  t h e  SRT l i q u e f i e d  coal  i s  
g i ven  i n  Table 3. It con ta ins  about 68 percent  s o l v e n t  and 7.3 percent  
s o l i d s .  The coal m ine ra l  c a t a l y s t s  used i n  t h i s  work were a l s o  produced a t  
t h e  W i l s o n v i l l e  p i l o t  p l a n t  by f i l t r a t i o n  and Kerr-McGee deashing processes. 
The raw c a t a l y s t s  were c leaned by hydrot reatment  i n  t h e  presence o f  t h e  
W i l s o n v i l l e  so l ven t  under hydroqen p ressu re  i n  an autoc lave,  washed w i t h  THF 
and ground t o  -200 mesh b e f o r e  use. The a n a l y s i s  o f  t h e  c a t a l y s t s  i s  g i v e n  
i n  Table 4. 
of t h e  ash. The blended coa l ,  so l ven t ,  and coal  m ine ra l  c a t a l y s t s  were 
ob ta ined  from t h e  Southern Company Serv ices,  Inc., Birmingham, Alabama. 

o u t  i n  a batch s t i r r e d  au toc lave  assembly shown i n  F i g u r e  1. The magnedrive 
au toc lave  was supp l i ed  by t h e  Au toc lave  Engineers, E r i e ,  Pennsylvania. Two 
h igh  pressure feeders were added t o  t h e  au toc lave  t o  feed  coal  s l u r r y  i n t o  
t h e  h o t  autoc lave.  The au toc lave  was f l u s h e d  k i t h  n i t r o g e n ,  p ressu r i zed  w i t h  
hydrogen and heated t o  about 550OC. I n  t h e  SRT l i q u e f a c t i o n  experiments, 
about 100 grams o f  coal  was mixed w i t h  about  200 grams o f  t h e  so l ven t  and t h e  
c a t a l y s t .  The s l u r r y  was then fed  t o  t h e  ho t  au toc lave  th rough  t h e  feeders. 
I n  t h e  hyd roc rack ing  experiments, t h e  l i q u e f i e d  coal was mixed w i t h  t h e  coa l  
m ine ra l  c a t a l y s t  and t h e  s l u r r y  was f e d  t o  t h e  hot  autoc lave.  A f t e r  t h e  feed  
was fed t o  t h e  autoc lave,  t h e  temperature and p ressu re  o f  t h e  au toc lave  were 
ad jus ted  t o  t h e  d e s i r e d  r e a c t i o n  c o n d i t i o n s .  React ion was c a r r i e d  out  f o r  a 
predetermined l e n g t h  o f  t ime,  t h e  con ten ts  o f  t h e  au toc lave  were cooled and 
t h e  products  were withdrawn. The s o l i d s  were separated from t h e  l i q u i d  
product  by h i g h  p ressu re  f i l t r a t i o n .  The analyses o f  gas, l i q u i d  and s o l i d  
p roduc ts  were done by s tandard methods. The f o l l o w i n g  d e f i n i t i o n s  a r e  used 
i n  t h i s  paper. 

The a n a l y s i s  of t h e  

The p y r r h o t i t e  con ten t  was c a l c u l a t e d  f rom t h e  Fez03 content  

The SRT coal  l i q u e f a c t i o n  and t h e  hyd roc rack ing  exper iments were c a r r i e d  

Preasphal tene:  product  s o l u b l e  i n  THF b u t  i n s o l u b l e  i n  benzene 
Asphaltene: product  s o l u b l e  i n  benzene h u t  i n s o l u b l e  i n  

Residue: product  i n s o l u b l e  i n  THF 
hexane 

RESULTS AND D I S C U S S I O N  

Coal L i q u e f a c t i o n  

Conversion o f  coal  t o  s o l u b l e  l i q u i d  products  takes p lace  a t  moderate 
temperatures and s h o r t  r e a c t i o n  t imes  i n  t h e  presence o f  a hydrogen donor 
s o l v e n t  and mo lecu la r  hydrogen. Under m i l d  c o n d i t i o n s ,  t h e  coal  m a t r i x  
undergoes thermal  break-up and form r e a c t i v e  fragments which e x t r a c t  hydrogen 
and become s t a b l e  compounds. The op t ima l  convers ion o f  coa l  t o  s t a b l e  
compounds depends upon t h e  temperature,  r e a c t i o n  t ime ,  hydrogen pressure,  
so l ven t  q u a l i t y  and c a t a l y s t .  I n  t h e  present  work, t h e  i n f l u e n c e  o f  
temperature,  pressure,  r e a c t i o n  t i m e  and c a t a l y s t  on coal  l i q u e f a c t i o n  was 
i n v e s t i g a t e d  i n  t h e  presence o f  a coal  d e r i v e d  so l ven t .  
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The e f f e c t  o f  temperature i s  shown i n  F i q u r e  2. The t o t a l  convers ion of 
coal i nc reased  f rom 69-91 pe rcen t  when t h e  tempera tu re  increased from 
430-460'C a t  t e n  minutes r e a c t i o n  t ime. A s  can be expected, t h e  y i e l d  o f  qas 
has i nc reased  and t h e  res idue  decreased w i t h  t o t a l  conversion. But t h e  
l i q u i d  p roduc t  y i e l d  peaked a t  450°C and showed a d e c l i n i n g  t r e n d  as t h e  
temperature increased t o  460°C. The da ta  o f  F i g u r e  2 t h e r e f o r e  suggest t h a t  
a temperature of 45OOC i s  op t ima l  f o r  o b t a i n i n g  maximum l i q u i d  product  a t  a 
s h o r t  r e a c t i o n  t i m e  of t e n  m inu tes  and a p ressu re  o f  2500 p s i .  The l i q u i d  
product  y i e l d  under these c o n d i t i o n s  was 71 pe rcen t  o f  t h e  da f  coal. 

The e f f e c t  o f  r e a c t i o n  time and c a t a l y s t  on convers ion i s  shown i n  
F igu re  3. The coa l  convers ion i nc reased  w i t h  r e a c t i o n  t i m e  i n  a l l  cases. I n  
t h e  n o n c a t a l y t i c  case, conve rs ion  i nc reased  f a s t e r  i n  t h e  f i r s t  seven minutes 
b u t  slowed down a t  l onger  t imes. But i n  c a t a l y t i c  convers ion,  t h e r e  was a 
steady i nc rease  i n  convers ion  w i t h  r e a c t i o n  t ime.  The data o f  F i g u r e  3 show 
t h a t  t h e  a d d i t i o n  o f  c a t a l y s t  improved t h e  convers ion  bu t  t h e  improvement was 
n o t  very s i g n i f i c a n t  up t o  t e n  minutes r e a c t i o n  t ime.  Even a t  longer  t imes ,  
t h e  improvement i n  convers ion d i d  not  exceed 5 percent .  It can t h e r e f o r e  be 
i n f e r r e d  f rom t h e  data t h a t  t h e  a d d i t i o n  o f  coa l  m ine ra l  c a t a l y s t  does no t  
improve coa l  convers ion t o  any s i g n i f i c a n t  e x t e n t  d u r i n g  t h e  i n i t i a l  
depo lymer i za t i on  o f  coa l  t o  s o l u b l e  p roduc ts  a t  s h o r t  r e a c t i o n  t imes. 

F igu re  4. The coa l  conve rs ion  i nc reased  w i t h  ,both pressure and r e a c t i o n  
t ime.  The e f f e c t  o f  pressure on convers ion  was no t  s i g n i f i c a n t ,  e s p e c i a l l y  
between 2500-2800 p s i  and a p ressu re  o f  2500 p s i  appears t o  be op t ima l  f o r  
t h i s  step. 
increased f r o m  2100-2500 p s i  and o n l y  by about 2 pe rcen t  when t h e  p ressu re  
increased f rom 2500-2800 p s i .  

t imes  revea led  t h a t  t h e  product  becomes more r e a c t i v e  when t h e  r e a c t i o n  t i m e  
exceeds seven minutes. The l i q u e f i e d  coa l  p roduc ts  ob ta ined  a t  3, 7 and 12 
minutes r e a c t i o n  t ime  were sub jec ted  t o  a u t o c a t a l y t i c  hyd roc rack ing  t o  f i n d  
ou t  t h e i r  r e a c t i v i t i e s .  The data o f  Table 5 show t h a t  t h e  convers ion o f  
hexane i n s o l u b l e s  (preasphal tene and aspha l tene )  and removal o f  s u l f u r  and 
n i t r o g e n  inc reased  i n  t h e  o r d e r  12 m inu te  l i q u i d  >7 m inu te  l i q u i d  >3 m inu te  
l i q u i d .  The inc rease  i n  t h e  convers ion  o f  t h e  7 m inu te  l i q u i d  over  t h e  3 
m inu te  l i q u i d  was smal l  bu t  t h e  convers ion  o f  t h e  12 minu te  l i q u i d  showed a 
l a r g e  i nc rease  over  t h e  7 minu te  l i q u i d  which i n d i c a t e s  t h a t  t h e  r e a c t i v i t y  
of t h e  l i q u e f i e d  coal  i nc reases  w i t h  t h e  r e a c t i o n  t i m e  o f  l i q u e f a c t i o n  and 
t h e  l i q u i d  becomes more amenable t o  t h e  a c t i o n  o f  t h e  c a t a l y s t .  

It i s  concluded from t h e  f o r e g o i n g  d i s c u s s i o n  t h a t  t h e  i n i t i a l  coal 
l i q u e f a c t i o n  s tep  i s  f as t  and does no t  need any e x t e r n a l  c a t a l y s t .  The 
r e a c t i v i t y  of t h e  l i q u e f i e d  coal  i nc reases  w i t h  l i q u e f a c t i o n  t i m e  and t h e  
products  ob ta ined  a t  r e a c t i o n  t imes  o f  12 minutes o r  l onger  w i l l  be amenable 
t o  t h e  a c t i o n  o f  t h e  coal  m ine ra l  c a t a l y s t .  

The e f f e c t  o f  p ressu re  and r e a c t i o n  t i m e  on convers ion  i s  shown i n  

The convers ion improved by 6-7 pe rcen t  when t h e  p ressu re  

An examinat ion of t h e  l i q u i d  p roduc ts  ob ta ined  a t  d i f f e r e n t  r e a c t i o n  

Hydroc rack ing  o f  L i q u e f i e d  Coal 

The s h o r t  r e a c t i o n  t ime  (SRT) l i q u e f i e d  coal  (Table 3)  was hydrocracked 

The y i e l d  

a t  460°C, 2500 p s i  and 30 minutes r e a c t i o n  t i m e  w i t h  d i f f e r e n t  concen t ra t i ons  
o f  t h e  coal m ine ra l  c a t a l y s t .  The e f f e c t  o f  c a t a l y s t  c o n c e n t r a t i o n  on t h e  
y i e l d  of l i q u i d ,  s o l i d  and gaseous p roduc ts  i s  shown i n  F i g u r e  5. 
of l i q u i d  p roduc t  decreased f rom 75 t o  70 pe rcen t  w i t h  an i nc rease  i n  t h e  
c a t a l y s t  c o n c e n t r a t i o n  which i n d i c a t e s  t h a t  t h e  hyd roc rack ing  o f  SRT 
l i q u e f i e d  coa l  increases w i t h  c a t a l y s t  concen t ra t i on .  The gradual decrease 
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i n  t h e  y i e l d  o f  s o l i d  product  i n d i c a t e s  t h a t  some o f  t h e  i n s o l u b l e  o rgan ic  
m a t t e r  present  i n  t h e  feed  undergoes convers ion  d u r i n g  hydrocrack ing.  I t 
a l s o  i n d i c a t e s  t h a t  coke f o r m a t i o n  does no t  t a k e  p l a c e  d u r i n g  hyd roc rack ing  
under t h e  exper imenta l  c o n d i t i o n s  used. The inc rease  i n  gas y i e l d  appears t o  
be due t o  the  i nc rease  i n  t h e  hyd roc rack ing  convers ion  o f  t h e  l i q u e f i e d  
coa l .  

The q u a l i t y  o f  t h e  l i q u i d  product  improved w i t h  an i nc rease  i n  t h e  
concen t ra t i on  o f  t h e  coal  m ine ra l  c a t a l y s t  as shown i n  F i g u r e  6. The hexane 
i n s o l u b l e s  (preasphal tenes and aspha l tenes ) ,  s u l f u r  and n i t r o g e n  con ten ts  o f  
t h e  product  decreased, r e s u l t i n g  i n  t h e  p r o d u c t i o n  o f  a good q u a l i t y  p roduc t ,  
e s p e c i a l l y  a t  a c a t a l y s t  c o n c e n t r a t i o n  o f  25 percent .  The p r o p e r t i e s  o f  t h e  
l i q u i d  product  g i ven  i n  Table 6 show t h a t  more t h a n  90 percent  i s  d i s t i l l a b l e  
and i t  con ta ins  s u b s t a n t i a l  q u a n t i t i e s  of l i q h t  and m idd le  o i l s .  

It i s  concluded f rom t h e  hyd roc rack ing  da ta  t h a t  t h e  SRT l i q u e f i e d  c o a l  
can be hydrocracked t o  a r e f i n e d  d i s t i l l a t e  o i l  u s i n g  h i g h  concen t ra t i ons  o f  
t h e  minera l  res idue  as t h e  c a t a l y s t .  
i n s o l u h l e s  a1 so undergo convers ion d u r i n g  hydrocrack ing.  

A u t o c a t a l y t i c  L i q u e f a c t i o n  Process 

JPL A u t o c a t a l y t i c  Coal L i q u e f a c t i o n  process shown i n  F igu res  7 and 8. The 
process has two bas i c  s teps as shown i n  F i g u r e  7. I n  t h e  f i r s t  step, coa l  
undergoes l i q u e f a c t i o n  under h i g h  temperatures and pressures a t  s h o r t  
r e a c t i o n  t imes. I n  t h e  second step,  t h e  p roduc t  o f  t h e  f i r s t  s tep which 
con ta ins  l i q u e f i e d  coa l ,  unconverted coa l  and coal  m i n e r a l s  undergoes 
hyd roc rack ing  i n  t h e  presence o f  a coa l  m ine ra l  c a t a l y s t  i n  h i g h  
concen t ra t i ons  o f  about 25 percent  p roduc ing  a r e f i n e d  d i s t i l l a b l e  product .  

Table 7 shows t h a t  t h e  process produces a d i s t i l l a t e  p roduc t  i n  a y i e l d  o f  67 
percent  a t  a hydrogen consumption o f  4.5 percent .  Based on t h e  bench s c a l e  
data,  a conceptual f l o w  diagram of t h e  process was developed as shown i n  
F i q u r e  8. I n  t h i s  process scheme, p a r t  of t h e  f i l t e r  cake (m ine ra l  c a t a l y s t )  
i s  recyc led  t o  t h e  hyd roc racke r  and t h e  s o l i d s  a r e  separated from t h e  p roduc t  
by f i l t r a t i o n .  The process produces a low v i s c o s i t y  l i g h t e r  product  which 
f i l t e r s  e a s i l y .  The hydrogen f o r  t h e  prncess i s  produced by t h e  r e f o r m i n g  
o f  a m ix tu re  o f  coal  qas produced i n  t h e  process and n a t u r a l  qas obta ined 
f rom an e x t e r n a l  source. 

More than  50 pe rcen t  o f  t h e  o rgan ic  

The work descr ibed i n  t h e  f o r e q o i n g  s e c t i o n s  l e d  t o  t h e  e v o l u t i o n  o f  t h e  

The m a t e r i a l  ba lance o f  t h e  a u t o c a t a l y t i c  l i q u e f a c t i o n  process g i ven  i n  
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Tab le  1. COAL ANALYSIS 

BITUMINOUS 
(KENTUCKY #6 AND a l l )  

PROXIMATE ANALYSIS, WT.% 
(Dry B a s i s 1  

V o l a t i  1 es 
F i x e d  Carbon 
Ash 

ULTIMATE ANALYSIS, WT.% 
(Dry Bas is )  

Carbon 
Hydrogen 
N i t rogen  
S u l f u r  
Oxygen (By d i f f e rence )  : 
Ash 
H/c (Atomic)  
s i z e  

46.43 
44.17 

9.40 

73.44 
5.30 
1.21 
3.35 
7.30 
9.40 
0.87 

70%,- 200 Mesh 

1 2 4  



T a b l e  2. ANALYSIS OF SOLVENT 

Sp. gr., 25°C 

DISTILLATION DATA, ' C X  

I .R.P. 
50% R.P. 
90% R.P. 
E.B.P. 
Preasphal tene,  W t .  % 
Asphaltene, Wt.% 

ELEMENTAL ANALYSIS, WT.% 

Carbon 
Hydrogen 
N i t rogen  
S u l f u r  
Oxygen ( B y  d i f f e r e n c e )  
H / c  (a tom ic )  

1.040 

130 
300 
4 00 
430 

11.0 
17.0 

87.80 
8.18 
1.02 
0.48 
2.52 
1.12 

T a b l e  3. ANALYSIS OF SHORT REACTION TIME (SRT) L IQUEFIED COAL 

RAW FEED 

T o t a l  So l i ds ,  W t . %  
(THF i n s o l u b l e s )  
So lven t ,  W t . %  
L i q u e f i e d  Coal, W t . %  

FILTERED FEED 

V i s c o s i t y ,  Cps a t  150°C 
Preasphaltene, Wt.% 
Asphaltene, W t . %  
S u l f u r ,  W t . %  
N i t rogen ,  W t . %  
Carbon, W t . %  
Hydrogen, W t . %  
Oxygen, W t . %  (By d i f f e r e n c e )  
tilC (a tomic)  

7.3 

67.7 
25.0 

31 n 
21.0 
20.0 

0.91 
1.20 

87.1 
7.71 
4.23 
1.06 
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T a b l e  4. ANALYSIS OF CATALYSTS 

MINERAL RESIDUE 
FILTER CAKE ASH CONCENTRATE 

T o t a l  S o l i d s ,  W t . %  
(THF i n s o l u b l e s )  
Ash, W t . %  
Carbon, W t . %  
Hydrogen, W t . %  
S u l f u r ,  Wt.X 
N i t r o g e n ,  W t . %  
Oxygen W t . %  
(By  c a l c u l a t i o n )  
H/c ( a t o m i c )  
P y r r h o t i t e ,  W t . %  
S i z e  

100.0 

79.14 
10.50 
0.61 
0.54 
0.20 
11 

0.70 

-200 mesh 
30.9 

100.0 

-200 mesh 

TABLE 5. AUTOCATALYTIC HYDROCRACKING OF SRT LIQUEFIED COAL OBTAINED AT 
DIFFERENT REACTION TIMES 

Temperature 460°C 
R e a c t i o n  Time : 20 min. 
Pressure  2500 p s i  
C a t a l y s t  25% W t .  

Feed 

3 min. Coal l i q u i d  7 min. Coal l i q u i d  12 min. Coal l i q u i d  

Conversion o f  Hexane 
I n s o l u h l e s ,  W t . %  8.5 

S u l f u r  removal, W t . %  12.0 
N i t r o g e n  removal, W t . %  7.4 

11.5 
14.5 
10.2 

47.0 
39.5 
25.6 
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TABLE 6. 

TABLE 7. 

PROPERTIES OF COAL LIQUID PRODUCED BY SHORT REACTION TIME 
AUTOCATALYTIC COAL LIQUEFACTION 

Sp. gr.  a t  25°C : 1.05 

D i s t i l l a t e  Data, "C 

I.B.P. 65 
509, B.P. 315 
90% B.P. 425 

Elemental  A n a l y s i s ,  W t . %  

Carbon 86.80 
Hydrogen 9.63 
F l i t  rogen 0.92 
S u l f u r  0.31 

d i f f e r e n c e )  : 2.34 
H/C (Atomic)  1.33 
Hexane I n s o l u b l e s ,  

wt.9, 7.8 

Oxygen (BY 

NORMALIZED MATERIAL BALANCE OF SRT AUTOCATALYTIC LIQUEFACTION OF 
COAL (DRY COAL BASIS). 

INPUT, p 

Coa 1 100.0 
So l  ven t  200.0 
Hydrogen 
Cat a 1 y s t 
T o t a l  

4.5 
79.0 
383.5 

OUTPUT, g 

Gas 17.0 
( i n c l u d e s  H2S 
and NH3) 
Water 4.8 

So l  ven t  200.0 
Residue 94.7 

Coal L i q u i d  67.0 
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CHARACTERISTICS OF COAL LIQUIDS 
HYDROPROCESSED I N  CONTINUOUS HYDROTREATER 

Yuan C. Fu, Raymond E. Markby, and Rand F. Ba tche lde r  

U.S. DeDartment o f  Enercrv 
P i t t s b u r g h  Energy Techno1 o g y - t e n t e r  

P.O. Box 10940 
P i t t s b u r g h ,  PA l5%'(:> 

INTRODUCTION 

The commercial p r o d u c t i o n  o f  hydrocarbon l i q u i d s  f rom coa l  w i l l  s i g n i f i c a n t l y  
l essen  t h e  n a t i o n ' s  l ong - te rm dependence on f o r e i g n  crude o i l .  
p roduc ts  are r i c h  i n  a romat i cs  b u t  l o w  i n  p a r a f f i n s  and u s u a l l y  c o n t a i n  s u b s t a n t i a l  
q u a n t i  t i e s  o f  n o n d i s t i l l a b l e ,  h igh -mo lecu la r -we igh t  m a t e r i a l  and unacceptable l e v e l s  
o f  s u l f u r  and n i t r o g e n .  Upgrading o f  coa l  l i q u i d s ,  t h e r e f o r e ,  i s  r e q u i r e d  t o  hydro- 
process t h e  heavy ends i n t o  l ower -mo lecu la r -we igh t  d i s t i l l a t e  t h a t  has t h e  minimum 
p o s s i b l e  con ten t  o f  s u l f u r  and n i t r o g e n .  C a t a l y t i c  hyd rop rocess ing  o f  heavy f o s s i l  
f u e l s  i s  n o r m a l l y  e f f e c t e d  by h y d r o t r e a t i n g  i n  t h e  presence o f  c a t a l y s t s  l i k e  coba l t  
molybdate o r  n i c k e l  molybdate a t  5-25 W a  and 575-725 K . l  The common problems t h a t  
can be encountered a r e  r a p i d  d e a c t i v a t i o n  o f  c a t a l y s t ,  d i f f i c u l t y  o f  hydrogenat ing 
aromatics, i n s u f f i c i e n t  removal o f  n i t r o g e n ,  and h i g h  consumption o f  hydrogen. Recent 
d a t a  on upgrading o f  b lends o f  S R C - I  and c o a l - d e r i v e d  c reoso te  o i l  showed t h a t  
mod i f i ed  S h e l l  324 Ni-Mo c a t a l y s t  gave good performance i n  removing n i t rogen .2  I n  
t h e  present  work, c o a l  l i q u i d s  hydroprocessed i n  a con t inuous  h y d r o t r e a t e r  o v e r  Ni-Mo 
c a t a l y s t s  under v a r y i n g  process s e v e r i t i e s  were c h a r a c t e r i z e d  t o  s t u d y  v a r i a t i o n s  i n  
chemical  c o n s t i t u e n t s  and p h y s i c a l  p r o p e r t i e s  o f  t h e  c o a l  l i q u i d .  

Coal l i q u e f a c t i o n  

EXPERIMENTAL 

A 30-70 b l e n d  o f  S R C - I  w i t h  S R C - I 1  d i s t i l l a t e  (453-665 K )  produced f r o m  Western 
Kentucky b i tum inous  coa l  was used as t h e  feeds tock .  H y d r o t r e a t i n g  exper iments were 
c a r r i e d  out i n  a t r i c k l e - b e d  r e a c t o r  o f  17.4-m i . d .  and 1 . 2 4  l ong  w i t h  5 3 0 - m  bed 
leng th .  
be low t h e  bed, Pyrex g l a s s  beads o f  3-mn d iameter  were p laced  t o  serve as p rehea t ing  
and ca lming zones, r e s p e c t i v e l y .  P r i o r  t o  t h e  h y d r o t r e a t i n g ,  t h e  c a t a l y s t  was pre- 
s u l f i d e d  i n  s i t u  w i t h  a H2/H2S st ream c o n t a i n i n g  10 v o l  % H2S a t  616 K f o r  4 hours. 
The r e a c t o r  temperature was m a i n t a i n e d  by a seven-zone f u r n a c e  c o n t r o l l e d  by seven 
separa te  c o n t r o l l e r s  t o  achieve 5 1 c e n t i g r a d e  degree c o n t r o l .  The c a t a l y s t s  used 
were S h e l l  324 Ni-Mo (0.84-mn e x t r u d a t e ) ,  Na lco  NM-504 (0.84-mm e x t r u d a t e ) ,  and 
Ni-Mo c a t a l y s t s  prepared on Davison Y-alumina (0.59-1.0 mm g ranu les ) .  
c a t a l y s t  bed l e n g t h  t o  p a r t i c l e  s i z e  i s  s u f f i c i e n t l y  l a r g e  (>550) t h a t  c h a n n e l l i n g  
and backmixing e f f e c t s  i n  t h e  r e a c t o r  appear t o  be min imized and t h e  r e p r o d u c i b i l i t y  
of t h e  da ta  i s  good.3 The p rocess  c o n d i t i o n s  were t h e  f o l l o w i n g :  H2 p ressu re  -- 
13.8 MPa; tempera tu re  -- 672 K; l i q u i d  h o u r l y  space v e l o c i t y  (LHSV) - -  0.25-1.25 cm3 
f e e d / h r - d  c a t a l y s t ;  and hydrogen feed r a t e  -- 1335 m3 H2/m3 o i l  (-7500 s c f / b b l ) .  

Product  a n a l y s i s  i n c l u d e d  s p e c i f i c  g r a v i t y ,  v i s c o s i t y ,  asphaltenes, benzene 
i n s o l u b l e s ,  and e lementa l  a n a l y s i s .  
s p e c t r o m e t r i c  a n a l y s i s .  Hydrogen consumption va lues  were c a l c u l a t e d  f rom e lementa l  
a n a l y s i s .  Mass s p e c t r a  of coa l  l i q u i d s  were o b t a i n e d  on a Conso l i da ted  E l e c t r o -  
dynamics (CEC)-103B low  v o l t a g e  mass spec t romete r  and a CEC-21-1105 h i g h  r e s o l u t i o n  
mass spect rometer  (1/10,000 r e s o l u t i o n ) .  P ro ton  magnet ic  resonance spec t ra  were 
o b t a i n e d  w i t h  a 100-MHz V a r i a n  XL-100 NMR spect rometer  w i t h  t e t r a m e t h y l s i l a n e  as 
i n t e r n a l  re ference.  
separa ted  by a Pope wiped f i l m  m o l e c u l a r  s t i l l  and analyzed f o r  hydrocarbon t ypes  by 
f luorescence i n d i c a t o r  a d s o r p t i o n  (ASTM D 1319-77) i n  a s i l i c a  g e l  column. 
GC-Ms a n a l y s i s  o f  a romat i cs  and s a t u r a t e s  was performed u s i n g  a Hewlet t -Packard 5985 
mass spect rometer  and a 11-m x 0.30-mn g l a s s  c a p i l l a r y  column wa l l - coa ted  w i t h  SE-52. 

The c a t a l y s t  bed was p l a c e d  i n  t h e  m i d s e c t i o n  o f  r e a c t o r  tube.  Above and 

The r a t i o  o f  

The gas s t ream was metered and sampled f o r  mass 

L i g h t  and m i d d l e  f r a c t i o n s  o f  t h e  h y d r o t r e a t e d  p roduc ts  were 

The 
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The column was temperature-programmed from 308 t o  523 K a t  2 degrees c e n t i g r a d e  p e r  
minute.  

RESULTS AN0 DISCUSSION 

The e lementa l  a n a l y s i s  and p h y s i c a l  p r o p e r t i e s  o f  t h e  feed,  a t h e r m a l - t r e a t e d  ' 
produc t  ob ta ined  over  a lumina bed, and a h y d r o t r e a t e d  p roduc t  o b t a i n e d  ove r  S h e l l  
324 Ni-Mo c a t a l y s t  bed a r e  shown i n  T a b l e  1. The p roduc ts  were o b t a i n e d  a t  t h e  exper i -  
menta l  c o n d i t i o n s  of 13.8 MPa, 672 K ,  and 0.5 LHSV. The the rma l  t rea tmen t  o f  t h e  
b lend  of S R C - I  w i t h  S R C - I 1  ove r  alumina i n  t h e  absence o f  me ta l  c a t a l y s t s  reduced 
t h e  benzene i n s o l u b l e  c o n t e n t  and t h e  v i s c o s i t y  moderate ly ,  b u t  d i d  n o t  a f f e c t  t h e  
n i t r o g e n  con ten t  o r  o t h e r  c h a r a c t e r i s t i c s  of t h e  coa l  l i q u i d  s i g n i f i c a n t l y .  
hydrogen consumption was v e r y  low.  
l i q u i d  i n  t h e  presence o f  S h e l l  Ni-Mo c a t a l y s t  r e s u l t e d  i n  s i g n i f i c a n t  r e d u c t i o n  of 

a hydrogen consumption o f  3.77 w t  % based on coa l  l i q u i d  feed .  
i n s o l u b l e s  (asphal tene + benzene i n s o l u b l e s )  was conver ted  t o  lower-molecular -weight  
m a t e r i a l .  The h y d r o t r e a t i n g  w i th  t h e  o t h e r  Ni-Mo c a t a l y s t s  a l s o  y i e l d e d  p r o d u c t s  
hav ing  s i m i l a r  p r o p e r t i e s .  

c a t a l y s t  towards t h e  h igh-molecular -weight ,  pen tane- inso lub le  m a t e r i a l ,  which con- 
t a i n s  t h e  h i g h e s t  c o n c e n t r a t i o n s  o f  heteroatoms. F i g u r e  1 shows t h e  n i t r o g e n  
removal as a f u n c t i o n  o f  process s e v e r i t y ,  expressed by hydrogen consumption, and 
t h e  r e l a t i o n s h i p  o f  n i t r o g e n  con ten t  and hydrogen c o n t e n t  i n  t h e  l i q u i d  products .  
Data p o i n t s  were o b t a i n e d  f r o m  h y d r o t r e a t i n g  exper iments u s i n g  t h e  d i f f e r e n t  Ni-Mo 
c a t a l y s t s .  The l i n e a r i t y  o f  t h e  p l o t  o f  n i t r o g e n  removal versus hydrogen 
consumption suggests t h a t  a l l  t h e  c a t a l y s t s  have s i m i l a r  a c t i v i t y .  
used t o  eva lua te  t h e  n i t r o g e n  removal a c t i v i t y  o f  a c a t a l y s t  and t o  determine t h e  
e f f i c i e n c y  o f  hydrogen u t i l i z a t i o n .  
s i g n i f i c a n t l y  above t h e  l i n e a r  curve, i n d i c a t i n g  t h e  e f f e c t i v e  n i t r o g e n  removal a t  
low process s e v e r i t y .  

The l i n e a r  r e l a t i o n s h i p  between t h e  n i t r o g e n  and hydrogen con ten ts  o f  t h e  
l i q u i d  products  shown i n  t h e  bot tom p l o t  suggests  t h a t  n i t r o g e n  removal accompanies 
hydrogen a d d i t i o n  t o  a romat i cs  i n  t h e  coa l  l i q u i d .  N i t r o g e n  removal f rom p o l y c y c l i c  
a romat i cs  does n o t  t a k e  p l a c e  u n t i l  r i n g  s a t u r a t i o n  has o ~ c u r r e d . ~  Recent s t u d i e s  
on model compounds suggest  t h a t  t h e  naphthalene moiety ,  hav ing  a l ower  resonance 
energy e r  r i n g  than  benzene, undergoes hyd rogena t ion  more r a p i d l y  than  t h e  benzene 
moiety.! The hyd rogena t ion  o f  aromat ic  compounds i s  cons ide red  t o  be among t h e  
s lowest  o f  hyd rop rocess ing  r e a c t i o n s  o c c u r r i n g  i n  t h e  c o a l  l i q u i d s  upgrad ing  
process.  

s p e c i f i c  g r a v i t y  o f  t h e  l i q u i d  products .  The d a t a  p o i n t s  i n  F i g u r e  5 i n c l u d e  those 
ob ta ined  a t  v a r y i n g  process s e v e r i t i e s  w i t h  temperatures r a n g i n g  f r o m  672 t o  694 K 
and LHSV v a r y i n g  f r o m  0.25 t o  1.25 hr-1. The feedstock has a n i t r o g e n  con ten t  o f  
1.31 w t  %, and t h e  l i q u i d  p roduc ts  have va lues c o v e r i n g  a broad range. 
con ten t  decreases l i n e a r l y  w i t h  t h e  s p e c i f i c  g r a v i t y  o f  t h e  l i q u i d  p roduc ts  u n t i l  a 
p o i n t  near 0.25 w t  % n i t r o g e n  and 0.94 s p e c i f i c  g r a v i t y ,  b u t  f u r t h e r  decrease o f  
n i t r o g e n  con ten t  becomes d i f f i c u l t  even though s p e c i f i c  g r a v i t y  i s  f u r t h e r  reduced 
s i g n i f i c a n t l y .  
n i  t rogen-con ta in ing  p o l y c y c l i c  compounds a r e  formed and t h a t  f u r t h e r  n i t r o g e n  
removal i s  more d i f f i c u l t  t o  achieve even under severe p rocess ing  c o n d i t i o n s  w i th  
v e r y  h i g h  hydrogen consumption. 
i n  hyd rogena t ing  these  t ypes  of n i t r o g e n - c o n t a i n i n g  p o l y c y c l i c  compounds a t  low 
temperature. 
w i t h o u t  s a t u r a t i n g  a romat i c  r i n g s .  

Mass s p e c t r a  o f  t h e  feeds tock  and p r o d u c t s  from the rma l  t rea tmen t  and hydro-  
t rea tmen t  ove r  S h e l l  c a t a l y s t  were o b t a i n e d  on a low v o l t a g e  mass spect rometer  and a 
h i g h  r e s o l u t i o n  mass spect rometer  (1/10,000 r e s o l u t i o n ) .  Tab le  2 shows t h e  a n a l y s i s  

The 
I n  comparison, t h e  h y d r o t r e a t i n g  of t h e  c o a l  

\ asphaltene, benzene i n s o l u b l e s ,  v i s c o s i t y ,  and heteroatom con ten ts  (N, S, and 0) a t  
N e a r l y  80% o f  pentane 

The e f f i c i e n c y  o f  h y d r o t r e a t i n g  c o a l  l i q u i d s  depends on t h e  a c t i v i t y  o f  t h e  

The p l o t  can be 

A h i g h l y  a c t i v e  c a t a l y s t  would g i v e  d a t a  p o i n t s  

It i s  a l s o  o f  i n t e r e s t  t o  examine t h e  r e l a t i o n s h i p  between n i t r o g e n  con ten t  and 

The n i t r o g e n  

The i m p l i c a t i o n  i s  t h a t  upon hyd roc rack ing ,  c e r t a i n  types of 

The key i s  t o  develop a c a t a l y s t  t h a t  i s  e f f e c t i v e  

The i d e a l  c a t a l y s t  would p robab ly  have a c t i v i t y  f o r  removing n i t r o g e n  
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for polynuclear aromatic (PNA) compounds based on total ionization at 573 K and 
torr; naphthalenes in the feedstock were drastically reduced by hydrotreating and 
were presumably converted to tetralins and/or indans. 
resolution mass spectrometer were presented by the graphical method of Mentser and 
Sharkey,C shown in Figure 2, for hydrocarbon components (cxHy). 
plots is to determine the classes of hydrocarbon that are present in the sample. 
The limiting H/C values for the molecular ions of PNA's in the hydrotreated product 
are greater than the respective values for those in the feedstock, indicating increased 
hydrogenation by hydrotreating. 
spectrometric data suggest the sharp decrease in the concentration of aromatics and 
some corresponding increase in the concentrations of hydroaromatics and alkylated 
aromatics. Similar plots of hydrogen- carbon distribution in heteroatom components 
having formulas CxHyN and CxHyO are shown in Figures 3 and 4, respectively. 
parts of the nitrogen-containing compounds having Cg-Ci5 range in the feedstock are 
removed after hydrotreating. Only small concentrations of nitrogen-containing C5-Cg 
cyclic compounds having decreased H/C values were found in the hydrotreated product. 
Most of the molecular species of phenols in the feedstock were removed by hydro- 
treating, and some of two- and three-ring phenols were also reduced by the thermal 
treatment (Figure 4). 

Distributions of oxygen and hydrogen in the thermal-treated and hydrotreated 
products, as determined by IR and PMR analyses, respectively, are summarized in 
Table 3. Most of the phenolic OH and carbazolic NH in the feedstock are removed by 
hydrotreating, but the remaining oxygen in ether forms is difficult to remove. 
hydrotreating, the aromatic hydrogen content decreases, hydrogen is added to aromatic 
rings to form hydroaromatic structures, and the bulk of aliphatic hydrogen is added 
at positions further from the aromatic ring than the a position. 
the PMR spectra is shown in Figure 6. 
mass spectrometric data and are also in agreement with the earlier study reported by 
Tewari et al.7 

The hydrotreating condition at 13.8 MPa, 672 K, and 0.5 LHSV is not too severe, 

The results from the high 

The utility of these 

These data combined with the low voltage mass 

Large 

On 

The variation of 
These results are in accord with the above 

but the light and middle distillates of the upgraded product are of fairly high quality 
in that the nitrogen and sulfur contents are fairly low. For example, the typical 
sulfur and nitrogen distribution in the hydrotreated product with Shell Ni-Mo catalyst 
is shown in Table 4. The upgraded product with Shell Ni-Mo catalyst was separated 
into three fractions by a Pope wiped film molecular still. The light and middle 
fractions were analyzed for hydrocarbon type by fluorescence indicator adsorption. 
Aromatics and saturates are the major components. The GC-MS chromatograms of the 
aromatics and saturates for the naphtha fraction (IBP-477K), Figure 7, show that the 
major components tentatively identified are one- and two-ring compounds. 
aromatics were mostly toluene, alkyl (up to C3) benzenes, xylenes, tetralin, and 
alkyl (up to C2) tetralins. The saturates are mostly cyclohexane and alkyl (up to 
C4) cyclohexanes. The naphtha fraction of the upgraded product was also found to be 
fairly stable. After an aging test under oxygen atmosphere at 363 K for one week, 
no precipitation or color change was observed. 
Of untreated SRC-I1 gave a 12 wt % precipitate and was a brownish color after the 
same aging test. 

in the coal liquid, and the hydrogenation of nitrogen-containing polycyclic compounds 
having lower H/C values is among the slowest of hydroprocessing reactions to accomplish. 
The linear plot of nitrogen removal versus hydrogen consumption for reference catalysts 
provides a useful reference source for evaluating the nitrogen removal activity and 
the hydrogen utilization efficiency of a new catalyst. 
heteroatoms, asphaltenes, and aromatics, and the corresponding increase in hydro- 
aromatics and alkyl aromatics, the phenolic OH and carbazolic NH contents were 
drastically reduced by hydrotreating. 

The 

In comparison, the naphtha fraction 

In conclusion, the removal of nitrogen accompanies hydrogen addition to aromatics 

Along with the decrease in 
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DISCLAIMER 

Reference i n  t h i s  r e p o r t  t o  any s p e c i f i c  commerical product,  process, o r  s e r v i c e  
i s  t o  f a c i l i t a t e  unders tand ing  and does n o t  n e c e s s a r i l y  i m p l y  i t s  endorsement o r  
f a v o r i n g  by t h e  Un i ted  S t a t e s  Department o f  Energy. 
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TABLE 1. COMPARISON OF THERMAL-TREATED AND HYDROTREATED PRODUCTS 
(13.8 MPa, 672 K, 0.5 LHSV) 

Feedstock Thermal-Treated Hydro t rea ted  
SRC 1/11 HR 8-1 HR 6-1 

C a t a l y s t  
Sp. Grav i ty ,  289/289 K 
V i s c o s i t y ,  CPS a t  311 K 
Asphaltene, w t  % 
Benzene I n s o l . ,  w t  % 
Mo lecu la r  Weighta 
Elemental  Analysis,  w t  % 

C 
H 
0 
N 
S 
Ash 

H2 consumption, w t  % 
C1-C4 fo rmat ion ,  w t  % 

a By osmometry 

1.07 
181 
16.0 
10.8 

236 

85.52 
7.78 
4.16 
1.31 
0.45 
0.19 -- 

-- 

A1 umi na 
1.06 
55 
16.5 
7.4 

220 

86.02 
7.80 
4.41 
1.37 
0.36 
0.10 
0.30 
0.40 

S h e l l  Ni-Mo 
0.94 
6.5 
5.0 
0.3 

207 

85.68 
10.67 
1.81 
0.50 
0.14 
0.02 
3.77 
0.80 

1 3 3  



TABLE 2. LOU VOLTAGE MASS SPECTROMETRIC ANALYSIS OF UPGRADED 
PRODUCT FOR POLYNUCLEAR AROMATIC COMPOUNDS 

(13.8 MPa. 672 K. 0.5 LHSV) 

Poss ib le  
S t ruc tu ra l  Type Thermal -Treated 
( i;&l;;;;i;&kfl Feedstock over Alumina 

SRC 1/11 HR 8-1 

Benzenes 
Naphthalenes 
Indenes 
T e t r a l i n s  
Acenaphthylenes 
Fluorenes 
Phenanthrenes 
Pyrenes 
Chrysenes 
Phenols 

7.5 
24.6 

3.9 
13.0 
13.1 
4.2 
6.1 
3.0 
0.4 

21.3 

6.0 
35.5 
3.1 

10.1 
9.0 
4.0 
3.6 
1.8 
0.4 

23.4 

Hydrotreated 
over She l l  Ni-Mo 

HR 6-1 

10.7 
7.3 
8.4 

38.0 
9.0 
3.1 
2.2 
1.9 
1.7 
1.8 

TABLE 3. OISTRI8UTION OF OXYGEN AN0 HYDROGEN IN  THERMAL- 
TREATED AN0 HYOROREATEO PRODUCTS 

Thermal-Treated Hydrotreated 
Feedstock HR 8-1 HR 6-1 

Tota l  w t  X 0 4.16 4.41 1.81 

I R  Analys is  

w t  I O  as phenol 2.3 
w t  X as carbazole (NH) 0.3 

P R  Analys is  

F O  
Hother 

0.371 
0.302 
0.327 

2.4 
0.3 

0.375 
0.302 
0.323 

-- 
Trace 

0.118 
0.217 
0.665 

TABLE 4. 5, N DISTRIBUTION IN  UPGRADED PRODUCT 
Run HR 6-1 (She l l  324) 

Uhole Product IBP - 477 K 477-616 K 

Ueight Percent o f  Product 100 27.6 42.7 29.6 
Sp. Grav i t y  2891289 K 0.938 0.830 0.933 1.102 _ _  22.7 Asphaltene,'wt X 5.1 -- _ _  1.9 Benzene Insol, w t  X 0.3 _ _  
ViSCOSltY. CPS a t  311 K 6.5 1 .6  7 q  _ _  ..- 
N, w t  X 0.50 0.03 0.05 0.77 
5, w t  x 0.14 0.021 0.016 0.064 

Hydrocarbon Type. vol X 
HIC 1.46 1.78 1.45 1.10 

Aromatics -- 
O le f i ns  
Heterocyc 1 i cs 
Saturates 
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SPECIFIC GRAVITY AT 289/289K 

Figures. Nitrogen content versus specific gravity for SRC product oil 
upgraded in continuous hydrotreater 

I Feedstock 

8 7 6 5 4 3 2 I 0 

Figure 6. 100 MHz proton magnetic resonance spectra of SRC I/II biend and upgraded 

8 H ,  ppm from TMS 

products. 

L-82422 
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GC-MS Chromatogram of Aromatics 
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5 IO 15 20 25 33 35 40 4 5  5 
TIME,mln 

Figure 7 GC-MS analysis of light fraction (IBP-477°K) 
of hydrotreated coal liquid. 

L-02283 

SATURATES AROMATICS 

Compounds 

Cyclohexane 
3-Methylhexane 
n-Heptane 
Met hy 1 cyclohexane 
2-Methyl heptane 
3-Methylheptane 
Cp - Cyclohexane 
C2 - Cyclohexane 
n-Octane and C2 - Cyclohexane 
C2 - Cyclohexane 
2-Methy loc tane 
3-Methyloctane 
C3 - Cyclohexane 
n-Nonane and C3 - Cyclohexane 
C3 - Cyclohexane 
C3 - Cyclohexane 
C3 - Cyclohexane 
C4 - Cyclohexane 
C4 - Cyclohexane 
Cq - Cyclohexane 
"-Decane 
C4 - Cyclohexane 

Compounds 

Toluene 
Ethylbenzene 
rn- and p-Xylene 
o-Xylene 
C3 - Benzene 
C3 - Benzene 
C3 - Benzene 
lndan 
Methylindan 
Methylindan 
Methylindan 
T e t r a l i n  
Naphthalene 
M e t h y l t e t r a l i n  
M e t h y l t e t r a l i n  
Cp - T e t r a l i n  
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ANALYSIS OF CPGRADED SRC-I1 AND A-COAL LIQUID PRODUCTS 

Lih-J iuan  S.  Young, Norman C. L i  and Dennis Hardy* 

Department of Chemistry,  Duquesne U n i v e r s i t y ,  P i t t s b u r g h ,  PA 15282 
*Naval Research Labora tory ,  Code 6180, Washington, D. C. 20375 

INTRODUCTION 

I n t e r e s t  i n  c a t a l y t i c  hydroprocess ing  of coa l -de r ived  l i q u i d s  has  
i n t e n s i f i e d  i n  r e c e n t  times because of t he  need t o  conve r t  heavy f eeds  t o  
more use fu l  f u e l s  f o r  t r a n s p o r t a t i o n  use.  Ana ly t i ca l  d a t a  on upgraded 
l i q u i d s .  r e l evan t  t o  phys i ca l  and chemical c h a r a c t e r i s t i c s  such as s p e c i f i c  
g r a v i t y ,  a n i l i n e  p o i n t ,  he te roa tom con ten t  (0 + N + S ) ,  e t c . ,  a r e  of impor- 
t ance  i n  de te rmining  the  p r o c e s s  pa rame te r s  which c o n t r o l  t he  product  
composition and p roduc t  p r o p e r t i e s .  The purpose of t h i s  s tudy  was t o  ana lyze  
t h e  upgraded SRC-I1 and H-coal l i q u i d s ,  p rovided  by t h e  Chevron Research  Co., 
by I R ,  NMR. GC, GC/PS , and s i l i c a  g e l  chromatography, a s  a f u n c t i o n  of 
con tac t  t ime, w i t h  the hope of o b t a i n i n g  a b e t t e r  unde r s t and ing  of 
coa l - l i qu id  r e f i n i n g  p rocesses .  

EXPERIMENTAL 

SRC-I1 p rocess  p roduc t s  were made from P i t t s b u r g h  Seam ( B l a c k s v i l l e  No. 2 
Mine) a t  P i t t s b u r g h  and Midway Coal Co. These p roduc t s  were b lended  i n  t h e  
r a t i o  recommended by the DOE Techn ica l  P r o j e c t  O f f i c e r  t o  r e p r e s e n t  a t y p i c a l  
n e t  whole l i q u i d  product  from t h e  SRC-I1 p r o c e s s  a t  Chevron. The b l end  i s  
r e f e r r e d  t o  a s  SRC-I1 syncrude. E-coal p r o c e s s  p r o d u c t s  de r ived  from 
I l l i n o i s  No. 6 were b lended  i n  t h e  r a t i o  recommended by Eydrocarbon Research  
Inc .  t o  r ep resen t  a ne t  whole l i q u i d  p r o c e s s  product  from the E-coal p r o c e s s  
a t  Chevron, and t h e  b l end  i s  r e f e r r e d  t o  a s  E-coal syncrude .  

h o  samples of SRC-I1 syncrude and t h r e e  samples of H-coal syncrude were 
hydro t r ea t ed  us ing  Chevron's ICR 106 c a t a l y s t  ( con ta in ing  n i c k l e ,  t ungs t en ,  
s i l i c a  and alumina) a t  7S0°F and approximate ly  2,300 p s i a  E, p a r t i a l  p res -  
su re .  The r e c y c l e  gas  r a t e  was roughly  15.000 SCF/B ( s t a n d a r d  cubic  f o o t  
p e r  b a r r e l )  f o r  the SRC-I1 runs  and 8,000 SCF/B f o r  t he  E-coal runs.  

NblR s p e c t r a  were ob ta ined  w i t h  a 600 MEz NMR spec t romete r  o r  a 60 MEz 
FT-NMR ( E i t a c h i  Perkin-Elmer) spec t romete r  w i t h  TMS a s  the  i n t e r n a l  r e f e r -  
ence.  I R  s p e c t r a  were r eco rded  from n e a t  samples i n  NaCl p l a t e s  a s  t h i n  
f i l m s  on a Beckman IR-20 i n f r a r e d  spec t romete r .  GC p r o f i l e s  were ob ta ined  
w i t h  a Hewlett-Packard Model 5700A equipped  w i t h  a flame i o n i z a t i o n  d e t e c t o r  
and Sigma-10 d a t a  system. C a p i l l a r y  methyl s i l i c o n e  ( l e n g t h  12  m) and methyl 
phenyl s i l i c o n e  ( l e n g t h  30 m) columns were used. The GC/MS a n a l y s i s  was 
performed on a sp-2100 fused  s i l i c a  c a p i l l a r y  column ( l e n g t h  50 m) i n t e r f a c e d  
d i r e c t l y  i n t o  a Eewlett-Packard 5982 MS a t  70 eV. 

The n e u t r a l  f r a c t i o n s  of t h e  coa l -der ived  l i q u i d s  were ob ta ined  by 
t r e a t i n g  the  SRC-I1 and H-coal syncrudes  w i t h  IRA-904 anion-exchange r e s i n  
and then  wi th  Amberlyst-15 cation-exchange r e s i n  t o  remove a c i d  and base  
f r a c t i o n s .  r e s p e c t i v e l y .  The ion-exchange r e s i n s  were purchased  from Rohm 
and Haas and were a c t i v a t e d  acco rd ing  t o  the  method d e s c r i b e d  by Jewe l l ,  e t  
a l .  (1 )  The n e u t r a l  f r a c t i o n s  and t h e  upgraded coa l -de r ived  l i q u i d s  were 
sepa ra t ed  i n t o  s a t u r a t e ,  a romat ic - I  and aromat ic - I1  f r a c t i o n s  by s i l i c a  g e l  
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chromatography. The p rocedure  used  invo lved  packing  a 1 .2  x 105 cm column 
w i t h  6 4  g of s i l i c a  g e l  which had  been a c t i v a t e d  by hea t ing  f o r  16  h a t  8 O o C  
i n  a vacuum oven. A 2 g q u a n t i t y  of t h e  n e u t r a l  f r a c t i o n  o r  upgraded l i q u i d  
was d i s so lved  i n  pentane  and charged  t o  the column. The s a t u r a t e  f r a c t i o n  
was e l u t e d  wi th  pentane ,  u n t i l  t h e  uv absorbance  of t he  e l u a t e  a t  270 nm 
equa l l ed  0.05. Aromatic-I  and aromatic-11 f r a c t i o n s  were e l u t e d  w i t h  CHCl, 
and methanol,  r e s p e c t i v e l y ,  u n t i l  the uv absorbance a t  270 nm reached  about 
ze ro .  

RESULTS AND DISCUSSION 

The hydroprocess ing  c o n d i t i o n s ,  e l emen ta l  a n a l y s i s  and p h y s i c a l  
p r o p e r t i e s  of t h e  f e e d s  and upgraded l i q u i d s  a r e  l i s t e d  i n  Table  1. 
Apparently,  the type of c o a l  and c o n t a c t  t ime g r e a t l y  in f luence  these  
p r o p e r t i e s .  The c o n t a c t  t ime i s  t h e  r e c i p r o c a l  of t h e  l i q u i d  h o u r l y  space 
v e l o c i t y  (LHSV, i n  cm3 f e e d / h  cm3 c a t a l y s t ) .  

I n f r a r e d  s p e c t r a  of t h e  coa l -de r ived  l i q u i d s ,  b e f o r e  and a f t e r  upgrading, 
show d i s t i n c t i v e  d i f f e r e n c e  i n  a l i p h a t i c  s t r e t c h i n g  bands a t  2,920 and 
2,960 cm-l of CH, and CH,, r e s p e c t i v e l y ,  and a romat i c  C-C and/or  hydrogen- 
bonded carbonyl  s t r e t c h i n g  a t  1 , 6 1 0  cm-l. The a romat i c  s t r e t c h i n g  a t  
a t  3,020 cm-l d e c r e a s e s  w i t h  t h e  s e v e r i t y  (dec rease  i n  LHSV) of hydro- 
t r e a t i n g .  The syncrudes  show a n  obvious  broad  peak  c e n t e r e d  a t  
3,400 cm-l which i s  a s c r i b e d  t o  t h e  hydrogen-bonded OH and NH s t r u c t u r e .  
However, a n e g l i g i b l e  hydrogen-bonded s t r u c t u r e  was found in upgraded 
l i q u i d s .  The n e u t r a l  f r a c t i o n ,  an  ac id-  and base- f ree  f r a c t i o n ,  shows 
s i m i l a r  a b s o r p t i o n  a s  t h e  upgraded samples.  

NMR s p e c t r a  show t h a t  t he  a romat i c  p r o t o n s  dec rease  wi th  dec rease  i n  LHSV 
( i n c r e a s i n g  s e v e r i t y  of hydroprocess ing ) .  
c o a l  l i q u i d s  appear ing  i n  t h e  r ange  6.5 t o  7.2 ppm i n d i c a t e  t h a t  the upgraded 
c o a l  l i q u i d s  c o n t a i n  mos t ly  one t o  two r i n g s  of a romat i c s .  The sharp s i n g l e t  
a t  about 1 .44  ppm i s  due t o  cyc lohexane  which i n d i c a t e s  t h a t  t he  con ten t  of 
naphthenes i n  bo th  the SBC-I1 and H-coal upgraded l i q u i d s  i s  apprec iab le .  
T h i s  i s  c o n s i s t e n t  w i th  the  r e s u l t ,  Table 1, t h a t  the naphthenes  a r e  i n  the  
range  from 57.2 t o  89.9% ( l i q u i d  volume %).  

The a romat i c  p r o t o n s  of upgraded 

The p ro ton  d i s t r i b u t i o n  of t h e  syncrudes  and t h e i r  upgraded l i q u i d s  i s  
l i s t e d  i n  Table 2 .  It i s  seen  t h a t  the a romat i c  hydrogen con ten t  dec reases  
w i t h  inc rease  i n  con tac t  t ime,  and t h e  b u l k  of t he  a l i p h a t i c  hydrogens occur  
a t  t he  p o s i t i o n  B on f u r t h e r  away from the  a romat ic  r i n g ,  Hp or Hr: 
accompanied by dec rease  i n  E,. The i n c r e a s e  of Hp i n  upgraded l i q u i d s  i s  
p r i m a r i l y  due t o  t h e  i n c r e a s e  of naphthene c o n t e n t .  

The v i s c o s i t y  of syncrudes  and t h e i r  upgraded l i q u i d s  was measured by 
us ing  an Ostwald type  v i scomete r  a t  298 I[. Since the c o n t e n t s  of he te roa toms 
a r e  i n  the range of on ly  a few ppm and t h e  hydrogen-bonded s t r u c t u r e  i s  
n e g l i g i b l e ,  the upgraded l i q u i d s  t h e r e f o r e  a l l  have low v i s c o s i t y ,  ranging  
on ly  from 1.25 t o  1.40 cp,  even though t h e r e  i s  wide v a r i a t i o n  of the 
s a t u r a t e  and  aromat ic  c o n t e n t s .  

I n  o rde r  t o  c h a r a c t e r i z e  t h e  composi t ion  of t he  upgraded samples,  s i l i c a  
g e l  chromatography was employed t o  s e p a r a t e  the  coa l  l i q u i d s  i n t o  s a t u r a t e  
and aromat ic  f r a c t i o n s ,  and t h e  con ten t  of each f r a c t i o n  i s  l i s t e d  i n  Table  
3 .  It i s  seen  t h a t  t he  s a t u r a t e  f r a c t i o n  con ten t  i n c r e a s e s  w i t h  c o n t a c t  
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time, accompanied by a decrease  i n  a r o m a t i c  f r a c t i o n s .  The n e a t  I R  spectrum 
of t h e  s a t u r a t e  f r a c t i o n  d e r i v e d  from 1.0 LHSV E-coal shows t h e  absence of  
a b s o r p t i o n s  a t  3.020-3.080 cm-1 and 1,600 cm-l, i n d i c a t i n g  t h a t  the  
s a t u r a t e s  a r e  not  contaminated by a romat ic  f r a c t i o n s .  T h i s  f a c t  i s  a l s o  
confirmed by GC/IS a n a l y s i s  of  t h e  f r a c t i o n s .  The r e c o v e r i e s  range between 
94 and 99.88, i n d i c a t i n g  t h a t  the  method used  f o r  s e p a r a t i o n  of upgraded c o a l  
l i q u i d s  i s  a p p r o p r i a t e .  

The s a t u r a t e  and aromat ic - I  f r a c t i o n s  were s t u d i e d  by GC us ing  methyl 
s i l i c o n e  and methyl phenyl  s i l i c o n e  c a p i l l a r y  columns, r e s p e c t i v e l y .  The 
temperature  programs used f o r  s a t u r a t e  and aromat ic - I  a r e  from 20°C ( 2  
min.) t o  160°C ( 4  min.) by i n c r e a s i n g  r a t e  a t  20C p e r  minute ,  and from 
70° t o  270OC by i n c r e a s i n g  r a t e  a t  2°C p e r  minute ,  r e s p e c t i v e l y .  The 
s e v e r i t y  of h y d r o t r e a t i n g  seems not  t o  a f f e c t  t h e  types ,  o n l y  t h e  concen- 
t r a t i o n s  of compounds i n  b o t h  the  s a t u r a t e  and aromat ic - I  f r a c t i o n s .  
The q u a n t i t a t i v e  a n a l y s i s  of a romat ic  compounds based on ring-number, by 
us ing  naphthalene and phenanthrene a s  i n t e r n a l  s t a n d a r d s ,  i s  l i s t e d  i n  T a b l e  
4 .  The more s e v e r e l y  upgraded c o a l  l i q u i d s  c o n t a i n  more 1- r ing  and l e s s  
% r i n g  aromat ic  compounds, compared t o  t h e  syncrude and t h e  l e s s  s e v e r l y  
upgraded coa l  l i q u i d s .  

We have obta ined  GC/MS chromatograms of  t h e  s a t u r a t e  f r a c t i o n  and t h e  
aromatic-I  f r a c t i o n  of opgraded SRC-I1 and E-coal. F i g n r e  1 g i v e s  t h e  
chromatograms f o r  the  s a t u r a t e  f r a c t i o n s  of  upgraded SRC-I1 and E-coal ( b o t h  
1.S LHSV). By matching r e t e n t i o n  t imes  and mass s p e c t r a  of the numbered 
peaks,  we observe a remarkable  s i m i l a r i t y  f o r  each f r a c t i o n  i r r e s p e c t i v e  of 
whether the source i s  SRC-I1 o r  E-coal. Only t h e  h e a v i e r  end of the 
aromatic-I  f r a c t i o n  i s  n o t i c e a b l y  d i f f e r e n t .  I n  comparing t h e  chromatograms 
of  F igure  1. the  c o n c e n t r a t i o n s  of  the  fo l lowing  s p e c i e s  a r e  g r e a t e r  i n  
SRC-I1 than  i n  E-coal: C,-cyclohexanes, C,-cyclohexanes, C,-cyclohexanes. 
dimethyl  decahydronaphthalene,  n-decane, n- t r idecane ,  n-te t radecane ,  
n-pentadecane, n-hexadecane, n-heptadecane, whereas the  E-coal s a t u r a t e  
f r a c t i o n  c o n t a i n s  g r e a t e r  c o n c e n t r a t i o n s  of t h e  f o l l o w i n g :  C,-cyclohexanes, 
C,-cyclohexanes, C,-cyclohexanes, and t rans-hexahydroindane.  I n  comparing 
t h e  GC/MS chromatograms of the  a romat ic - I  f r a c t i o n s  of E-coal (LAW 1 . 0 )  and 
of SRC-I1 (LHSV 1 . 5 ) .  the  c o n c e n t r a t i o n s  of t h e  f o l l o w i n g  s p e c i e s  a r e  g r e a t e r  
i n  E-coal than  i n  SRC-11: C,-benzenes; C,-benzenes, C,-benzenes, C,-benzenes 
(C,-indane o r  C , - t e t r a l i n ) ,  indane,  and methyl  indane.  The c o n c e n t r a t i o n  of 
C,-benzenes i s  g r e a t e r  i n  SRC-I1 (LHSV 1 . 5 )  t h a n  i n  E-coal (LAW 1.0) 
aromatic-I  f r a c t i o n s .  

600 MBz PMR s p e c t r a  of t h e  upgraded SRC-I1 and &coal  l i q u i d s  ( b o t h  1 . 5  
LHSV) look i d e n t i c a l .  We have a p p l i e d  t h e  NMR d i f f e r e n c e  technique ( 2 )  t o  
o b t a i n  d i f f e r e n c e s  i n  c o n c e n t r a t i o n  of c e r t a i n  s p e c i e s  between the  two 
l i q u i d s .  The d i f f e r e n c e  spectrum was o b t a i n e d  from t h e  i n d i v i d n a l  p r o t o n  
s p e c t r a  recorded  under  t h e  same c o n c e n t r a t i o n  i n  CDC1, and o p e r a t i o n a l  
condi t ions .  .The upgraded SRC-11 l i q u i d  c o n t a i n s  l a r g e r  amounts of compounds 
which have CH, o r  CE groups a t o  the  a romat ic  r i n g s ,  i n  a d d i t i o n  o r  i n  e x c e s s  
t o  componnds p r e s e n t  i n  t h e  upgraded E-coal l i q u i d .  
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TAEEE 1. Properties and Analysis of SX-I1 and H-Coal 
S y n c d e s  and Their Uwraded Liquids* 

Feed Sources 
Processing Conditions 

0 Specific gravity, API 
Viscosity (cP) 298OK 
Aniline p i n t ,  OF 
Total nitrogen, ppn 

OXYg~l Ppn 
Sulfur, ppn 

Hydrogen, wt. % 

Carbon, wt. % 

Group type, LV % 

Paraffins 
Naphthenes 
Armtics 

SIC-I1 
Syncrude 

18.6 
2.74 
<30 

a, 500 
37,900 
2,900 
10.46 
86-41 

*Received frcm Chevron Research Co. 

1.5 
34.1 
1.25 
67.5 
20 
630 
5 
12.4 

- 

7.8 
57.2 
35.0 

0.5 
39.3 
1.25 
116.9 
0.25 
40 
5 
13.7 

- 

6.4 
89.9 
4.3 

1.5 
25.8 33.1 
2.04 1.40 
<32 75.7 
4,600 11.6 

- 

ia,ooo 160 
3,200 16 
11.39 12.3 
86.96 

3.3 
58.6 
38.1 

- 1.0 0.s 
35.9 36.2 
1.34 1.39 
101.3 110.5 
1.1 0.5 
110 120 
51 (?) 8.4 
12.8 13.2 

2.8 2.7 
73.2 84.0 
23.0 13.2 
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S E I 1  

S E I 1  

SX-I1 

H - c o a l  

H - c o a l  

H-cOa l  

H - m a l  

TABLE 2. Proton Distribution of Coal Liquids (Area %) 

Y Ha(9-5 ppn) Ha(4-2 ppn) HB(2-1.1 ppn) H (1.1-0.3 p p )  

sync- 25.28 24.94 31.63 18.14 

1.5 Ltw 8.52 13.74 47.92 29.82 

0.5 LHSV 3.33 3.22 54.94 38.52 

Syncrude 15.99 20.58 41.26 22.17 

1.5 LHSV 7.85 13.01 49.03 30.11 

1 . 0  LHSV 5.56 8.79 55.62 30.03 

0.5 LHSV 4.81 7.48 54.70 33.01 

TABLE 3. Composition of Coal Liquids (Wt. %) 

Sa tu ra t e  Aroinatic-1 Aromatic11 Recovery 

SFC-I1 Syncrude 15.1 80.2 4.0 99.3 

SRCII 1.5 LHSV 50.6 44.9 1.0 96.5 

SRC-I1 0.5 LHSV 92.9 5.1 0.8 98.8 

H - c o a l  Syncrude 28.8 66.3 3.7 99.8 

H - c ~ a l  1.5 LHSV 53.2 30.6 15.6 99.6 

H--1 1 .0  LHSV 68.0 23.3 2.7 94.0 

H-coal 0.5 LHSV 73.8 22.0 3.4 99.2 

TABLE 4. Composition of A r m t i c - I  (Area %) 

1-Ring 
S W I I  Syncrude 32.0 

S X - I 1  1.5 LHSV 38.6 

S X - I 1  0.5 LHSV 38.5 

H - c o a l  Syncrude 28.0 

H - c o a l  1.5 LHSV 31.6 

H - c o a l  1.0 LHSV 43.1 

2-Ring 

59.9 

57.4 

58.1 

63.0 

63.4 

54.6 

3-Ring 

8.1 

4.1 

3.4 

9.2 

5.0 

2.3 
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COMPOSITION OF NATURAL RECYCLE SOLVENT I N  THE HYDROGENATION 
OF AUSTRALIAN COALS 

by Norbert  V. P. Kelvin and Mervyn J. O l i v e r  

A u s t r a l i a n  Coal I n d u s t r y  Research L a b o r a t o r i e s  Ltd. 
P.O. Box 83, North Ryde. New South Wales. 2113. 

INTRODUCTION 

ACIRL is  engaged i n  a n  A u s t r a l i a n  Government suppor ted  program of r e s e a r c h  
i n t o  t h e  hydrogenat ion of  A u s t r a l i a n  c o a l s  u s i n g  known hydrogenat ion  
technology,  p r i n c i p a l l y  t h a t  be ing  developed i n  West Germany, as d e s c r i b e d ,  
f o r  example, by Romey e t  a l l .  
be cons idered  s e v e r e  w i t h  p r e s s u r e s  around 30-40 MPa, tempera tures  up t o  475°C 
f o r  h i g h e r  rank  c o a l s  and added i r o n  c a t a l y s t s .  
e f f e c t  of s o l v e n t  o r  v e h i c l e  composi t ion on hydrogenat ion  y i e l d s  may be 
overshadowed by t h e  h i g h  donor a c t i v i t y  of  d i s s o l v e d  hydrogen a t  h i g h  
p r e s s u r e s  and tempera tures .  However, o p e r a t i o n  a t  h i g h  p r e s s u r e s  imposes c o s t  
p e n a l t i e s  a t  bo th  commercial and r e s e a r c h  s c a l e s .  For t h i s  r e a s o n  a l l  o u r  
work t o  d a t e  has  been done a t  more moderate s e v e r i t y ,  namely, 2 1  MPa and 
cor respondingly  reduced tempera tures  i n  t h e  range 400-435°C t o  avoid  e x c e s s i v e  
s o l v e n t  v a p o r i z a t i o n  i n  t h e  p r e h e a t e r  and r e a c t o r  zones. Our moderate 
s e v e r i t y  experiments  have provided t h e  base  c a s e  d i s t i l l a t e  o i l  y i e l d  d a t a  f o r  
t h r e e  main groups of impor tan t  A u s t r a l i a n  c o a l s  cons idered  s u i t a b l e  f o r  
hydrogenat ion ranging  i n  rank  from l i g n i t e  (brown c o a l )  t o  h i g h  v o l a t i l e  
bituminous. Under moderate  s e v e r i t y  t h e  e f f e c t s  of s o l v e n t  composi t ion and 
hydrogen p a r t i a l  p r e s s u r e  may be of about  e q u a l  importance.  Hence it was 
cons idered  necessary  t o  s tudy  t h e  composi t ion of r e c y c l e  s o l v e n t  d u r i n g  a c t u a l  
hydrogenat ion runs  w i t h  A u s t r a l i a n  c o a l s .  

The c o n d i t i o n s  used by t h e  West Germans would 

Under t h e s e  c o n d i t i o n s  t h e  

EXPERIMENTAL 

The 1 kg/h s l u r r y  cont inuous  r e a c t o r  used i n  t h i s  s t u d y  and hydrogenat ion  d a t a  
o b t a i n e d  have been r e p o r t e d  i n  ACIRL I n  t h i s  s t u d y ,  s u c c e s s i v e  
samples  of s l u r r y  o i l  ( r e c y c l e  s o l v e n t )  were taken  o v e r  t h r e e  cont inuous  runs  
l a s t i n g  a t o t a l  of 440 hours .  The c o a l  was Queensland sub-bituminous 
( l i g n i t i c ) ,  p rocess  s e v e r i t y  21 MPa, 430°C p r e h e a t e r ,  415°C r e a c t o r ,  f i r s t  
f o u r  passes  run  wi thout  added c a t a l y s t  then  subsequent  p a s s e s  w i t h  added r e d  
mud 3-5% on c o a l  and s u l f u r  1% on c o a l  fo l lowed by a p r o p r i e t a r y  improved r e d  
mud, hydrogen/coal  f e e d  r a t i o  18/100 and s o l v e n t l c o a l  r a t i o  2/1. The r e a c t o r  
was a 3-compartment p a r t i a l  backmix r e a c t o r .  S l u r r y  r e s i d e n c e  t i m e  i n  t h e  
r e a c t o r  was e s t i m a t e d  a t  about  2-3 hours  but  t h i s  could  not  be  a s c e r t a i n e d  
w i t h  c e r t a i n t y  i n  t h e s e  runs.  The a n a l y s i s  of t h e  c o a l  used  i n  t h e s e  r u n s  i s  
g i v e n  i n  Table 1. 

Recycle  s o l v e n t  w a s  recovered  by a tmospher ic  p l u s  vacuum d i s t i l l a t i o n  of 
3-4 kg ba tches  of product  s l u r r y  i n  l a b o r a t o r y  g lassware  and used t o  make up 
f r e s h  s l u r r y  w i t h  c o a l  and added c a t a l y s t .  
t a k e n  as product .  

Samples of s u c c e s s i v e  s o l v e n t  ba tches  ( i . e . ,  a t  every  d i s t i l l a t i o n  of 3-4 kg 
product  s l u r r y )  were ana lysed  by i n f r a  r e d  s p e c t r o s c o p y ,  GC-MS, t i t r i m e t r y ,  
etc. The GC-MS (DuPontd DP-1) used a 47 m SCOT column (OV-101 on Chromosorb 
W) and a tempera ture  program of  35-270°C a t  2.61 Wmin. Mass percentages  of 
t h e  s i g n i f i c a n t  components i d e n t i f i e d  were e s t i m a t e d  from f lame i o n i z a t i o n  

P a r t  of t h e  r e c y c l e  s o l v e n t  w a s  
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d e t e c t o r  responses .  P o r t i o n s  o t  t h e  s o l v e n t  samples  were a l s o  t i t r a t e d  t o r  
t o t a l  p h e n o l i c s  and n i t r o g e n  bases .  F u l l e r  d e t a i l s  of t h i s  p a r t  of our  
o v e r a l l  s t u d i e s  are g i v e n  by Oliver'. 

RESULTS AND D I S C U S S I O N  

Figure  1 shows the  c a t a l y s t  a d d i t i o n  schedule  and cor responding  d i s t i l l a t e  
y i e l d s  t o g e t h e r  wi th  t h e  v a r i a t i o n  i n  s o l v e n t  a r o m a t i c  hydrogen c o n t e n t .  
t h a t  t h e  c a t a l y s t  used i n  t h e  l a s t  5-6 passes  was a p r o p r i e t a r y  improved 
p r e s u l f i d e d  red  mud. The e f f e c t s  of red  mud and changing r e d  mud on 
d i s t i l l a t e  y i e l d  are very clear. Red mud i n c r e a s e d  t h e  degree  of 
hydrogenat ion of c o a l - d e r i v e d  material as shown i n  F i g u r e s  1 and 2. 'he 
r e l a t i v e  a r o m a t i c  hydrogen c o n t e n t  (F igure  1) .  F igure  1 shows t h a t  t h e  
r e l a t i v e  a r o m a t i c  hydrogen c o n t e n t  (es t imated  from i n f r a - r e d  s p e c t r a )  which 
remained s t a b l e  from t h e  2nd t o  t h e  4 t h  p a s s  and t h e n  a b r u p t l y  decreased  a f t e r  
t h e  4 th  pass .  This i n d i c a t e s  t h a t  more hydrogen is t a k e n  up by t h e  s o l v e n t  
and t h e  coa l -der ived  o i l s  when c a t a l y s t  is added. 

The p a r t i c u l a r  c o a l  used i n  t h e  s o l v e n t  composi t ion s t u d y  conta ined  a h i g h  
p r o p o r t i o n  of e x i n i t e  which produced n o t i c e a b l e  q u a n t i t i e s  of waxes and 
p a r a f f i n s .  A l l  u n s a t u r a t e s  were expec ted  t o  be  hydrogenated t o  s a t u r a t e s  a t  
o u r  c o n d i t i o n s  and t h i s  was confirmed by chemical  a n a l y s i s .  P a r a f f i n s  
g r a d u a l l y  accumulated w i t h  s u c c e s s i v e  p a s s e s  of s o l v e n t  as shown i n  F igure  2. 

The r a t e  of i n c r e a s e  i n  p a r a f f i n s  c o n t e n t  r o s e  from 0.6% p e r  p a s s  t o  1.2% per  
p a s s  j u s t  a f t e r  t h e  4 t h  p a s s  when c a t a l y s t  was added. 

The p a r a f f i n  c o n t e n t  of e q u i l i b r a t e d  r e c y c l e  s o l v e n t  used w i t h  t h i s  p a r t i c u l a r  
c o a l  appeared t o  l i n e  o u t  a t  around 20-25%. As we always made more s o l v e n t  
t h a n  was r e q u i r e d  t o  m a i n t a i n  s o l v e n t  ba lance ,  p a r t  of t h e  s o l v e n t  could  be 
regarded as product .  Accordingly,  t h e  b u i l d  up of  p a r a f f i n s  could  i n d i c a t e  
that  t h i s  p a r t i c u l a r  c o a l  may be a s u i t a b l e  f e e d s t o c k  f o r  d i e s e l  f u e l  
product ion.  
l ined-out  r e c y c l e  s o l v e n t  is given  i n  Table  2. 

Phenol ics  and n i t r o g e n  b a s e s  i n  t h e  r e c y c l e  s o l v e n t  a l s o  s t a b i l i s e d  a f t e r  4-5 
passes  as shown i n  F i g u r e  2. From t h e s e  d a t a ,  it appears  t h a t  t h e  a d d i t i o n  of 
catalyst  h a s  l i t t l e  i f  any e f f e c t  on  t h e  accumula t ion  of  e i t h e r  p h e n o l i c s  o r  
n i t r o g e n  b a s e s  probably i n d i c a t i n g  t h a t  t h e  format ion  of both  t h e s e  classes of 
compounds is independent  of  c a t a l y s t .  

F igures  1 and 2 a l s o  show t h a t  t h e  r e c y c l e  s o l v e n t  e q u i l i b r a t e d  a t  about  10-15 
p a s s e s ,  a l t h o u g h  some groups of compounds were observed t o  s t a b i l i s e  i n  2-4 
passes .  

Hydrogen ba lance  d a t a  from t h i s  series of runs  and e l e m e n t a l  a n a l y s e s  of t h e  
s o l v e n t  samples  i n d i c a t e d  t h a t  t h e  hydrogen uptake  d e c l i n e d  from about  1% w t  
of t h e  s o l v e n t  p e r  p a s s  t o  n e g l i g i b l e  uptake  a t  e q u i l i b r i u m .  

The a n a l y s i s  of t h e  e q u i l i b r a t e d  s o l v e n t  by compound groups  was 30% a r o m a t i c s ,  
21% hydroaromatics ,  19% p h e n o l i c s ,  23% p a r a f f i n s  and 7% o t h e r  components. 
From these  d a t a  a l o n e  t h e  hydrogen donor power of  t h e  s o l v e n t  cannot  be 
determined.  
p r e s s u r e s  on A u s t r a l i a n  c o a l s  is planned t o  be done i n  b a t c h  a u t o c l a v e s  and 
mini autoc laves .  

Note 

The d i s t r i b u t i o n  of p a r a f f i n s  by l e n g t h  of carbon c h a i n  l e n g t h  i n  

F u r t h e r  work w i t h  r e c y c l e  s o l v e n t s  a t  d i f f e r e n t  hydrogen p a r t i a l  
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CONCLUSIONS 

1. Iron-based c a t a l y s t s  are necessary  t o  e n s u r e  h igh  y i e l d s  of hydrogenat ion  
d i s t i l l a t e  l i q u i d s  from A u s t r a l i a n  c o a l s .  

2. Iron-based c a t a l y s t s  i n c r e a s e  t h e  p r o p o r t i o n  of s a t u r a t e d  compounds i n  
both  product  o i l s  and r e c y c l e  s o l v e n t  bu t  d o  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  
formation o r  d i sappearance  of  phenols  and n i t rogen-bases .  

Natura l  r e c y c l e  s o l v e n t  e q u i l i b r a t e s  s u b s t a n t i a l l y  w i t h i n  about  2-4 p a s s e s  
and almost  d e f i n i t e l y  w i t h i n  10-15 passes .  
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TABLE 1 

ANALYSIS OF COAL USED I N  RECYCLE SOLVENT EQUILIBRATION STUDY 

PROXIMATE ANALYSIS 
( %  as ana lysed)  

Mois ture  
Ash 8.3  
V o l a t i l e  Matter 
Fixed Carbon 

ULTIMATE ANALYSIS 
( %  d a f )  

Carbon 
Hydrogen 
Ni t rogen  
Sulphur  
Oxygen + e r r o r s  

PETROGRAPHIC ANALYSIS 
(% Volume) 

V i t r i n i t e  
E x i n i t e  
I n e r t i n i t e  
Mineral  Matter 
V i t r i n i t e  R e f l e c t a n c e  (Ro max) X 

7.6 

42.7 
41.4 

77.0 
5.9 
1.0 
0.4 

14.9 

68 
21 

7 
4 
0.38 

TABLE 2 

PARAFFIN DISTRIBUTION I N  LINED-OUT RECYCLE SOLVENT 

Carbon Chain 
Length 

0 - 10 
10 - 12 
13 - 16 
17 - 20 
2 1  - 25 
26 - 29 
30 +- 
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Approximate Percentage  of 
T o t a l  P a r a f f i n s  

1 
4 

22 
25  
30 
18 

< 0 . 3  
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FIGURE 1 .  E f f e c t  of r e d  mud on d i s t i l l a t e  y i e l d  and s o l v e n t  a r o m a t i c i t y  
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THE INFLUENCE OF SUPPORT ON K PROMOTION OF Ru 
FOR THE FISCHER-TROPSCH SYNTHESIS 
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i 
INTRODUCTION 

Ruthenium i s  known a s  a good hydrogenation c a t a l y s t  and has  been found t o  
have t h e  h ighes t  Fischer-Tropsch (F-T) a c t i v i t y  among Group V I 1 1  t r a n s i t i o n  
metals  i n  producing l i n e a r  hydrocarbons a t  high p res su re  and moderate temperature.  
Supported Ru, such as Ru/Si02 and Ru/A1203, has  been used t o  produce gaseous and 
l i q u i d  hydrocarbons, (1-3) bu t  such c a t a l y s t s  have been found t o  g i v e  a poor 
s e l e c t i v i t y  f o r  o l e f i n s  and t o  produce methane a s  t h e  major product a t  temperature 
higher  than 26OoC. Recent s t u d i e s  have shown t h a t  s i g n i f i c a n t  improvements i n  t h e  
c a t a l y t i c  s e l e c t i v i t y  i n  t h e  F-T s y n t h e s i s  a t  low p res su re  can be obtained by 
metal-support i n t e r a c t i o n s  ( 4 )  o r  by a l k a l i  promotion (5) of t h e  Ru. 

and t h e  s e l e c t i v i t y  f o r  both o l e f i n i c  and long chain hydrocarbons of Fe c a t a l y s t s .  
For Ru, such K promotion has been found t o  a c t i v a t e  t h e  chemisorption of d i -  
n i t rogen  and thus  inc rease  t h e  a c t i v i t y  of ammonia s y n t h e s i s  a t  low temperatures 
and pressures .  (6)  It  has  been suggested t h a t  t h i s  occurs  by e l e c t r o n  donat ion 
t o  t h e  c a t a l y t i c  metal .  Ac t iva t ion  of Ru by K promotion has  been found t o  be 
considerable  f o r  both ammonia s y n t h e s i s  and CO hydrogenation r e a c t i o n s  i f  a 
conductive support ,  such a s  g raph i t e ,  i s  used. I t  has  been i n f e r r e d  t h a t  an elec-  
t r o n  conductor may f a c i l i t a t e  t h e  t r a n s f e r  of e l e c t r o n s  from t h e  potassium t o  
t h e  ruthenium. ( 6  - 8) E a r l i e r  r e sea rch  reported t h a t  t h e  a d d i t i o n  of K t o  t h e  
Ru had no s i g n i f i c a n t  e f f e c t  i n  changing t h e  c a t a l y t i c  p r o p e r t i e s  of t h e  metal, 
e i t h e r  supported o r  non-supported. (9,lO) However, Okuhara e t  a l .  (5) have 
r e c e n t l y  found t h a t  t h e  presence of K i n  a carbonyl-derived, h igh ly  d i spe r sed  
Ru c a t a l y s t  enhanced t h e  p r e f e r e n t i a l  formation of c 2 - C ~  o l e f i n s  a t  260OC bu t  
a t  t h e  same time depressed t h e  a c t i v i t y  of t h e  r eac t ion .  

support  on the  in f luence  of K a d d i t i o n  on t h e  hydrocarbon s e l e c t i v i t y  of t h e  Ru 
metal  i n  t h e  F-T r eac t ion .  I n  t h i s  s tudy,  d i f f e r e n t  c l a s s e s  of Ru c a t a l y s t s  
w e r e  prepared using t r a d i t i o n a l  Si02 and A1203 supports ,  SMSI t i t a n i a ,  g r a p h i t e ,  
and z e o l i t e  Y supports .  

Potassium and potassium s a l t s *  have long been used t o  enhance t h e  a c t i v i t y  

This  paper r e p o r t s  t h e  r e s u l t s  of a n  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  of t h e  

EXPERIMENTAL 

The t i t a n i a  support  was from Degussa, and Si02 and NaY suppor t s  were from 
Strem Chemicals. The c a t a l y s t s  were prepared by impregnation of t h e  suppor t s  
w i th  an  aqueous s o l u t i o n  of RuC13. 3H20 o r  by ion-exchange of t h e  NaY z e o l i t e  
w i th  Ru(NH3)&13. 
technique. 
Ru/graphi te  were a l s o  obtained from Strem Chemicals. 
was made by an impregnation of K2CO3 s o l u t i o n  t o  t h e  Ru c a t a l y s t s  followed by 
drying.  

heat ing procedure t o  4OO0C i n  flowing hydrogen (50 cc/min).  
held a t  4OO0C i n  hydrogen flow f o r  a t  l e a s t  2 hours be fo re  cool ing t o  t h e  
chosen r e a c t i o n  temperature i n  t h e  range 250OC t o  325OC. 

I A l l  t h e  impregnated samples were made by t h e  i n c i p i e n t  wetness 
Ru/A1203 and These c a t a l y s t s  were d r i e d  i n  a i r  a t  4OoC f o r  50 hours .  

The a d d i t i o n  of potassium 

The s tandard pretreatment  used f o r  a l l  t h e  samples cons i s t ed  of a s t epwise  
The samples were 

* r e f e r  t o  a l l  d i f f e r e n t  forms of potassium, designated a s  K i n  t h i s  s tudy.  
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Kine t i c  s t u d i e s  w e r e  c a r r i e d  ou t  i n  two s i m i l a r  microreac tor  systems. . The 
product gas w a s  t r a n s f e r r e d  from the  r e a c t o r  t o  the  sampling va lve  of t h e  G.C. 
v i a  a heated t r a n s f e r  l i n e  and was analyzed e i t h e r  by a Hewlett-Packard 5750 o r  
by a Perkin-Elmer Sigma 115 Gas Chromatograph equipped wi th  TCD, FID, and Porapak 
Q columns. 

(H~/CO = 1 , 99.9%) which were f u r t h e r  p u r i f i e d  by pass ing  through t r a p s  t o  
remove water and meta l  carbonyl contaminants be fo re  passage  through t h e  r eac to r s .  

The s teady  state r e a c t i o n  rate w a s  measured a f t e r  c a t a l y s t  s t a b i l i z e d .  A 
Hydrogen Bracketing Technique was used i n  which the  r e a c t a n t  stream w a s  replaced 
by a pure H 2  f low a f t e r  s h o r t  r e a c t i o n  pe r iods  so  a s  t o  main ta in  a c l ean  meta l  
su r f ace .  For a l l  the  samples s tud ied ,  t h e  c a t a l y t i c  a c t i v i t i e s  were measured 
a f t e r  30 minutes of r e a c t i o n  and ca l cu la t ed  from CO conversions based on CO flow 
rates coupled wi th  carbon ba lances  on  t h e  product stream. The CO conversion was 
kept  below 5% t o  minimize t h e  e f f e c t s  of hea t  t r a n s f e r  and concent ra t ion  gra- 
d i e n t s .  Typica l  F-T r e a c t i o n  cond i t ions  w e r e  appl ied  t o  a v a r i e t y  of supported 
Ru c a t a l  sts a t  H2/CO = 1 , 1 atm pres su re ,  and a space  v e l o c i t y  G.H.S.V. of 

The r e a c t a n t  gases  used w e r e  H2(99.999%), He(99.997%), and a H z / C O  mixture 

1800 hr- Y . 
RESULTS AND DISCUSSION 

The c a t a l y s t i c  a c t i v i t i e s  and t h e  d i s t r i b u t i o n s  of hydrocarbons f o r  t h e  
va r ious  Ru c a t a l y s t s  are presented  i n  Table 1 f o r  a r e a c t i o n  temperature of 
280OC. The s p e c i f i c  rate of CO conversion f o r  t h e  unpromoted 5 w t %  Ru c a t a l y s t s  
was found t o  i n c r e a s e  i n  t h e  sequence: 
The high a c t i v i t y  of graphite-supported Ru is c o n s i s t a n t  wi th  t h e  r e s u l t  found 
i n  t h e  l i t e r a t u r e  f o r  graphite-supported Fe i n  t h e  syn thes i s  r eac t ion .  (11) 
This  behavior i s  probably due t o  t h e  f a c t  t h a t  g r a p h i t e  can enhance e l e c t r o n  
t r a n s f e r  t o  t h e  meta l .  The Ru/Ti02, although having t h e  lowest a c t i v i t y  i n  the  
series, shows high y i e l d s  of o l e f i n s  whi le  methane formation i s  g r e a t l y  reduced, 
as expected. I t  is obvious t h a t  t h e  SMSI behavior is  re spons ib l e  f o r  t h i s  
s u p e r i o r i t y  i n  o l e f i n  product ion .  

I n  each case ,  t h e  a d d i t i o n  of K s i g n i f i c a n t l y  enhanced t h e  f r a c t i o n  of o le -  
f i n i c  products (C2-C4) f o r  t h e  impregnated Ru c a t a l y s t s .  On t h e  o the r  hand, the 
r a t e  of t h e  syn thes i s  is  decreased by t h i s  add i t ion .  However, t h e  s e l e c t i v i t y  
of methane formation does not  change markedly upon K add i t ion .  

The e f l e c t  of temperature on methane and o l e f i n  f r a c t i o n s  formed over 
these  RU c a t a l y s t s  i s  shown i n  F igu res  1 and 2 , r e spec t ive ly .  Methane formation 
normally inc reases  wi th  inc reas ing  temperature of t h e  r e a c t i o n ,  s i n c e  t h e  
p o s s i b i l i t y  of hydrogenation of t h e  primary su r face  complex is expected t o  be 
g r e a t e r  a t  higher temperature.  A t r end  towards a decreas ing  f r a c t i o n  of o l e f i n s  
wi th  an  inc reas ing  tempera ture  is a l s o  to  be expected. It is  apparent (F igure  2) 
t h a t  methane formation is  not  a f f e c t e d  by t h e  a d d i t i o n  of K t o  the  Ru c a t a l y s t s  
i n  t h e  temperature range  250% t o  325OC, except f o r  Ru/A1203. On the  o the r  
hand, t h e  C2-C4 o l e f i n  f r a c t i o n  f o r  a l l  t h e  promoted c a t a l y s t s  examined was 
found t o  remain e s s e n t i a l l y  independent wi th  inc reas ing  temperature.  
v i o r  i n d i c a t e s  t h a t  t h e  presence  of potassium atoms i n  the  v i c i n i t y  of Ru crys-  
t a l l i t es  may have deac t iva t ed  some a c t i v e  Ru s i t e s  f o r  o l e f i n  hydrogenation. 

supported Ru c a t a l y s t s  w e r e  also  g r e a t l y  enhanced by K promotion (Table 1).  
The hydrocarbon d i s t r i b u t i o n  from t h e  F-T r e a c t i o n  over  these  c a t a l y s t s  can be 
f i t t e d  i n t o  t h e  Anderson-Schulz-Flory equat ion .  
ca l cu la t ed  both  from t h e  s l o p e  and from t h e  i n t e r c e p t  of t he  f i t t e d  s t r a i g h t  
l i n e  a r e  g iven  i n  Table 2 ,  des igna ted  as Ps and P i ,  r e spec t ive ly .  
t h e  add i t ion  of K has promoted cha in  growth on both SiO2- and Al203- supported 
Ru. However, i t  has no e f f e c t  on h igher  hydrocarbon formation f o r  t h e  SMSI 
Ru/Ti02 c a t a l y s t .  

Ti02 < A l 2 O 3 ,  Si02 < N a Y  < graph i t e .  

This  beha- 

The formation of l i q u i d  hydrocar,bons (C5+) over t h e  SiOz-  and A1203- 

The cha in  growth p r o b a b i l i t i e s  

Obviously, 
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Figure  1 Temperature Dependence of O l e f i n  Product ion .  
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Figure  2 Temperature Dependence of CH4 Formation. 
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TABLE 2 

PROBABILITY OF CHAIN GROWTH ACCORDING TO 
ANDERSON-SCHULZ-FLORY PLOT a 

P r o b a b i l i t y  
Ca ta lys t  p i  PS 

Ru / S  i o  2 0.39 0.38 

K- Ru/SiO, 0.45 0.44 

Ru /A1203 0.41 0.42 

K- R U / A ~ ~ O ~  0.53 0.53 

Ru / T io2  0.50 0.50 

K- Ru/Ti02 0.50 0.50 

a .  Reaction a t  280°C , H z / C O  = 1, and GHSV = 1800 hr-' 

Both ion-exchanged and impregnated RuNaY c a t a l y s t s  produced predominantly 
methane. 
n i tude  f o r  t h e  impregnated RuNaY bu t  i t  had no e f f e c t  f o r  t h a t  of the-ion-exchanged 
c a t a l y s t .  Since t h e  ion-exchanged RuNaY i s  h igh ly  d i spe r sed  ( > 60% ) and wi th  
Ru predominantly i n s i d e  t h e  z e o l i t e  c r y s t a l ,  t h e  Ru, t he re fo re ,  is probably n o t  
a c c e s s i b l e  t o  t h e  impregnated potassium s a l t .  
comparing t h e  a c t i v a t i o n  energy of t h e  r e a c t i o n  f o r  both t h e  unprompted and t h e  
promoted c a t a l y s t s .  
decreased between 20 t o  50% a f t e r  K a d d i t i o n  f o r  a l l  t h e  Ru c a t a l y s t s  except 
ion-exchanged RuNaY. For ion-exchanged RuNaY, i t  remained unchanged (ca.  22 Kcal/  
gmole ) .  It has been pos tu l a t ed  t h a t  t h e  a d d i t i o n  of K decreases  t h e  a c t i v a t i o n  
energy of t h e  F-T r e a c t i o n  on Fe by causing a lowering of t h e  l o c a l  i o n i z a t i o n  
energy i n  the  v i c i n i t y  of an  adsorbed K atom. (12) 

-supported Ru c a t a l y s t s .  
p a r a f f i n s  i n  t h e  C2;Ch range while  t h e  K-Ru/graphite produced mainly o l e f i n s ,  
s u r p r i s i n g l y  82% of t h e  t o t a l  C2-C4 hydrocarbons produced was propylene. 
Previous r e sea rch  of K promotion on t h e  Ru3(CO)12/A1203 c a t a l y s t  has  ind ica t ed  that  
t h e  maximum propylene produced from t h e  F-T syn thes i s  was 42% i n  t o t a l  C2-C4 
hydrocarbons. (5) 
involved i n  t h i s  e f f e c t .  Ozaki (6) and Sage r t  and Poutesu ( 7 )  have suggested tha t  
t h e  e l e c t r o n  dens i ty  of t h e  t r a n s i t i o n  me ta l  may have increased when i t  i s  sup- 
ported on g raph i t e .  

The a d d i t i o n  of K increased t h e  o l e f i n  f r a c t i o n  by an order  of mag- 

This  can a l s o  be v e r i f i e d  by 

I t  was found t h a t  t h e  a c t i v a t i o n  energy f o r  CO conversion 

The most s i g n i f i c a n t  change i n  hydrocarbon s e l e c t i v i t y  was found on g r a p h i t e  
The unpromoted Ru/graphi te  produces e s s e n t i a l l y  only 

The f a c t  t h a t  t h e  g r a p h i t e  is an  e l e c t r o n  conductor may be 

Addit ion of K t o  t h e  Ru/graphi te  probably enhanced t h i s  e f f e c t .  

CONCLUSION 

The a d d i t i o n  of a potassium promoter can g r e a t l y  a f f e c t  t h e  c a t a l y t i c  pro- 
p e r t i e s  of Ru i n  t h e  F-T r eac t ion ,  depending on t h e  support  chosen. 
o l e f i n  formation and higher  hydrocarbon product ion f o r  t h e  t r a d i t i o n a l  A1203- and 
Si02-supported Ru. On Ru/graphi te  a t  1 atm, it p r e f e r e n t i a l l y  promotes propylene 
formation. 
i n  t h e  temperature range 25OoC t o  325OC. 
t h e  Ru c a t a l y s t s ,  t h e  o l e f i n  f r a c t i o n  of t h e  C2-C4 hydrocarbons produced becomes 
a weak func t ion  of t h e  r e a c t i o n  temperature.  
t h e  promoter-metal-support i n t e r a c t i o n s .  

I t  enhances 

Potassium enhances by about  20% t h e  o l e f i n  product ion over Ru/Ti02 
A s  a r e s u l t  of alkali  promotion of 

Fur the r  s tudy i s  needed t o  de l inea te  
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DIESEL AND E T  FUELS FROM COAL 
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D i e s e l  and je t  f u e l s  a r e  s t r a t e g i c  f u e l s  c r i t i c a l  t o  our  t r a n s p o r t a t i o n  indus- 
t r y  and n a t i o n a l  defense .  These f u e l s  r e q u i r e  a l i p h a t i c  hydrocarbon components, 
s u b s t a n t i a l l y  of a s t r a i g h t - c h a i n  n a t u r e .  Such f u e l s  are not r e a d i l y  a v a i l a b l e  from 
c o a l  by d i r e c t  l i q u e f a c t i o n  processes .  The Fischer-Tropsch (F-T) s y n t h e s i s ,  an i n -  
d i r e c t  p rocess ,  normally produces p r i n c i p a l l y  l i n e a r  p a r a f f i n s  and is p a r t i c u l a r l y  
s u i t a b l e  f o r  the  p r e p a r a t i o n  of t h e s e  f u e l s .  

Petroleum s u p p l i e s  a r e  expected t o  become i n c r e a s i n g l y  less a v a i l a b l e  and more 
expensive.  The economic s t r e n g t h  and s e c u r i t y  of t h e  n a t i o n  would be w e l l  se rved  by 
having a v a i l a b l e  a c l e a n ,  mul t ipurpose  a l t e r n a t e  f e e d s t o c k  f o r  use as a source  of  
f u t u r e  raw m a t e r i a l s  and f u e l s .  Carbon monoxide and s y n t h e s i s  gas q u a l i f y  as such 
key materials. These are e a s i l y  produced on a commercial s c a l e  from many d i f f e r e n t  
sources  of carbon i n c l u d i n g  c o a l ,  n a t u r a l  gas ,  biomass, s h a l e  o i l ,  and t a r  sands.  
The r e s u l t i n g  s y n t h e s i s  gas  is a l r e a d y  an important  f e e d s t o c k  f o r  t h e  product ion  of  
major  chemical i n t e r m e d i a t e s  such a s  ammonia and methanol. It a l s o  f i n d s  use i n  t h e  
s y n t h e s i s  of  e s t e r s ,  formaldehyde, h igher  a ldehydes and a l c o h o l s ,  MTBE, a c e t i c  and 
o t h e r  carboxyl ic  a c i d s .  F u t u r e  processes  f o r  the  product ion  of l i g h t  o l e f i n s ,  gly- 
c o l s ,  v i n y l  a c e t a t e ,  chloromethanes and polymers r e p r e s e n t  e x c i t i n g  new uses  f o r  
s y n t h e s i s  gas .  The Nobil  methanol- to-gasol ine process  and r e l a t e d  r e a c t i o n s  demon- 
s t r a t e  more s p e c i f i c a l l y  t h e  enormous p o t e n t i a l  o f  t h i s  i n t e r m e d i a t e ( 1 ) .  

We b e l i e v e  t h a t  because of t h e  v e r s a t i l i t y  of s y n t h e s i s  gas ,  wi th  regard  t o  
both  i t s  downstream u t i l i t y  and t h e  v a r i e t y  o f  m a t e r i a l s  from which i t  may be pre- 
pared,  it would be t h e  i d e a l  f e e d s t o c k  f o r  f u e l s  product ion .  Therefore ,  another  
a t t r i b u t e  of the  F-T s y n t h e s i s  i s  i t s  a b i l i t y  t o  f i t  i n t o  an i n t e g r a t e d  chemical  and 
f u e l s  s c e n a r i o ,  c e n t e r e d  around s y n t h e s i s  gas .  

Although a number of v a r i a t i o n s  have been examined over  t h e  last  ha l f -century ,  
t h e  F-T process  e x h i b i t s  s e v e r a l  problems r e l a t e d  t o  a c t i v i t y ,  s e l e c t i v i t y ,  and heat  
t r a n s f e r ,  which are i n t e r r e l a t e d .  For example, i n  f i x e d  bed r e a c t o r s ,  t h e  removal 
of process  hea t  (cor responding  t o  roughly 20% of t h e  combustion va lue  of the  synthe- 
sis gas)  is a major problem. C a t a l y s t  a c t i v i t y  could be increased  by r a i s i n g  the  
tempera ture ,  but t h i s  on ly  e x a c e r b a t e s  and i s  u l t i m a t e l y  l i m i t e d  by the  h e a t  removal 
problem. Pressures  may be increased  t o  i n c r e a s e  a c t i v i t y ,  bu t  normally a substan-  
t i a l  decrease  i n  s e l e c t i v i t y  r e s u l t s (  2 ) .  Improved methods of h e a t  removal a re  
c r u c i a l  t o  process  improvement. 

F-T S l u r r y  R e a c t o r s  

As a means of improving t h e  o p e r a t i o n  of F-T processes ,  p a r t i c u l a r l y  with re- 
gard to  hea t  c o n t r o l  S l u r r y  r e a c t o r  systems have been ga in ing  increased  i n t e r e s t .  
Such systems were examined dur ing  World War I1 i n  Germany, but  have only  gained 
worldwide acceptanace through the  work of Kolbe l (3) .  The concept  of the  s l u r r y  F-T 
r e a c t o r  has been examined by a number of workers(4-8). General  agreement appears  to  
e x i s t  among the  i n v e s t i g a t o r s  on c e r t a i n  advantages of the  s l u r r y  system. These 
i n c l u d e  : 

1. Super ior  tempera ture  c o n t r o l .  
2 .  Simple r e a c t o r  des ign .  
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3. C a t a l y s t  ( u s u a l l y  between 1 and 40 microns i n  s i z e )  is e a s i l y  
added t o  o r  removed from t h e  r e a c t o r  without  shutdown. 

4 .  Product  f l e x i b i l i t y  and s e l e c t i v i t y  i s  s u p e r i o r  t o  o t h e r  
r e a c t o r  systems.  

5. There are no e r o s i o n  problems.  

K o l b e l ' s  work i n c l u d e s  t h e  f o l l o w i n g  a t t i t i o n a l  c la ims:  

1. Feed g a s  r a t i o s  as low as 0.7 can  be used wi thout  s i g n i f i c a n t  

2 .  S i n g l e  pass  syngas c o n v e r s i o n s  as h i g h  as 95% a r e  a t t a i n a b l e .  
3. Gasol ine  y i e l d s  i n  e x c e s s  of those  p r e d i c t e d  by a Schulz-Flory d i s -  

t r i b u t i o n  are a t t a i n a b l e .  
4 .  Methane y i e l d s  are lower.  

The s l u r r y  r e a c t o r  system has  captured  t h e  i n t e r e s t  of some l a r g e  corpora- 
t i o n s .  UOP, wi th  suppor t  from t h e  U . S .  Department of Energy, c a r r i e d  out  an engi- 
n e e r i n g  e v a l u a t i o n  of f o u r  F-T r e a c t o r  systems and found t h e  s l u r r y  system a c l e a r  
l e a d e r  with r e g a r d  t o  both c a p i t a l  and o p e r a t i n g  c o s t s ( 9 ) .  However, i t  is important 
t o  n o t e  t h a t  t h e  d a t a  used i n  modeling t h e s e  r e a c t o r  systems has  l a r g e l y  been those 
of Kolbel ,  employing i r o n  c a t a l y s t s .  In f a c t ,  f o r  t h e  s l u r r y  F-T r e a c t o r  system, 
v i r t u a l l y  no d a t a  on non-iron c a t a l y s t s  are a v a i l a b l e .  

f r e e  carbon format ion .  

The Design of t h e  C a t a l y s t  

In g e n e r a l ,  c a t a l y s t  d e s i g n  i s  a t r i a l  and e r r o r  process  and not amenable t o  
s c i e n t i f i c  a n a l y s i s  but  t h e  o x i d e  mechanism(lO), der ived  from e m p i r i c a l  observa t ions  
and thermodynamics c a l c u l a t i o n s ,  s u g g e s t s  s e v e r a l  p o s s i b i l i t i e s  f o r  t h e  des ign  of a 
new F-T c a t a l y s t .  T r a n s l a t i n g  t h e  mechanism i n  terms of adsorbed i n t e r m e d i a t e s  and 
s u r f a c e  r e a c t i o n s  d e f i n e s  c e r t a i n  c a t a l y s t  requi rements .  .The metal  system s e l e c t e d  
should  have a high oxygen bond s t r e n g t h  f o r  a longer  s u r f a c e  l i f e t i m e  of t h e  key 
r e a c t i o n  i n t e r m e d i a t e ,  bu t  o x i d a t i o n  of the  c a t a l y s t  s u r f a c e  w i l l  decrease  a c t i v i t y  
so t h e  formed metal-oxygen bonds should be e a s i l y  reduced under r e a c t i o n  condi t ions .  

Although t h e s e  fundamental  p r o p e r t i e s  on ly  address  chemical composi t ion,  t h i s  
is c e r t a i n l y  t h e  beginning of s c i e n t i f i c  c a t a l y s t  development. Futher  improvements 
may be achieved by d e l v i n g  deeper  i n t o  t h e  mechanism ana c o n s i d e r i n g  d e s i r e d  chemi- 
sorbed complexes, but  t r a n s l a t i n g  t h e  r e a c t i o n  sequence t o  t h e  c a t a l y s t  s u r f a c e  
would be d i f f i c u l t .  Conceivably,  c a t a l y s t  s u r f a c e  p r o p e r t i e s  may be very d i f f e r e n t  
from t h e  bulk,  but  a s i m p l i s t i c  approach based on c o r r e l a t i n g  a c t i v i t y  with bulk 
p r o p e r t i e s  is easy  t o  apply.  

For  example, t h e  h igh  a c t i v i t y  of  a ruthenium c a t a l y s t  can be expla ined  by its 
unique  phys ica l  p r o p e r t i e s .  Ruthenium has  a high oxygen bond s t r e n g t h ,  but  t h e  
formed oxide is r e a d i l y  reduced.  T h e r e f o r e ,  ruthenium has t h e  proper  i n t e r a c t i n g  
requi rements  of an a c t i v e  F-T c a t a l y s t .  Our g o a l  was t o  use t h i s  combinat ion of 
p r o p e r t i e s  t o  d e s i g n  a new, h i g h l y  a c t i v e  system, a m a t e r i a l  which could be thought 
o f  as a ruthenium m i m i c .  This  new system was c o n s t r u c t e d  around c o b a l t ,  s i n c e  the  
most a c t i v e  non-noble meta l  c a t a l y s t s  known t o  t h i s  p o i n t  were cobal t -based.  

AS shown in Table 1, c o b a l t  has  a reasonably  high metal  oxygen bond s t r e n g t h ,  
bu t  u n f o r t u n a t e l y  t h e  formed metal-oxygen bond is very s t rong .  Therefore ,  c o b a l t  
must be promoted wi th  a material which will assist c o b a l t  ox ide  reduct ion .  The 
s e l e c t i o n  of t h i s  material t o  f i n e  tune  and improve t h e  performance of c o b a l t  is the  
c r i t i c a l  f e a t u r e  of t h e  new c a t a l y s t  system. We chose pal ladium and plat inum be- 
cause  t h e s e  m e t a l s  are w e l l  known hydrogenat ion  c a t a l y s t s  and had been shown in our 
l a b o r a t o r i e s  and by o t h e r s  t o  promote v a r i o u s  meta l  ox ide  r e d u c t i o n s .  But ,  plat inum 
and pa l lad ium can form s o l i d  s o l u t i o n s  wi th  c o b a l t  and t h e  a l l o y i n g  of two 
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a c t i v e  meta ls  with each o t h e r  does not  impart  t h e  c a t a l y t i c  behavior  expected from 
averaging  the  p r o p e r t i e s  of t h e  pure meta ls .  So we knew which c a t a l y s t  system 
should be prepared but  how t o  prepare  i t  became impor tan t .  

~ ~~ ~~~~ 

TABLE 1 
Thermodynamic Data Used f o r  C a t a l y s t  S e l e c t i o n  

Ru-0 

co-0 

D(M-0) Hf(M-0 1 

115 f 15 28 

aa 5 57 

The Nature  of t h e  C a t a l y s t s  

’, We have found t h a t  c o b a l t  carbonyl  r e a c t s ,  under t h e  proper  c o n d i t i o n s ,  wi th  
c e r t a i n  m a t e r i a l s  ( p a r t i c u l a r y  alumina)  used as heterogeneous c a t a l y s t  s u p p o r t s ,  re- 
s u l t i n g  i n  t h e  d e p o s i t i o n  of  c o b a l t  metal .  The r e s u l t i n g  Co/Al2O3 c a t a l y s t  d i s p l a y s  
q u i t e  good a c t i v i t y  f o r  t h e  F-T r e a c t i o n .  This  r e s u l t  is p a r t i c u l a r l y  i n t r i g u i n g  
c o n s i d e r i n g  e a r l i e r  r e p o r t s  t h a t  suggested t h a t  alumina is a poor suppor t  f o r  c o b a l t  
c a t a l y s t s ( l 1 ) .  

The a p p l i c a t i o n  of t h i s  c a t a l y s t  p r e p a r a t i o n  technique  l e d  t o  t h e  development 
of  a h i g h l y  a c t i v e  s e r i e s  of F-T c a t a l y s t s .  These c a t a l y s t s  o f f e r  the  promise of 
be ing  s u p e r i o r  t o  o r d i n a r y  c a t l y s t s  f o r  hydrocarbon s y n t h e s i s  wi th  regard t o  rate,  
o p e r a t i n g  c o n d i t i o n s ,  and q u i t e  p o s s i b l y ,  product  s e l e c t i v i t y  and longevi ty .  The 
products  of these  c a t a l y s t s  appear  t o  be i d e a l l y  s u i t e d  f o r  use as d i e s e l  and jet  
f u e l s .  Once formed, the  c a t a l y s t s  d i s p l a y  remarkable s t a b i l i t y  toward a i r .  Fur- 
thermore,  t h i s  method of c a t a l y s t  formula t ion  appears  t o  be unique i n  F-T chemis t ry ,  
y e t  is simple and r e p r o d u c i b l e .  These c a t a l y s t s  a r e  r e f e r r e d  t o  by t h e  g e n e r i c  term 
SOSS. 

Although a number of composi t ions have been t e s t e d ,  on ly  c o b a l t  wi th  plat inum 
and c o b a l t  with pal ladium may be made by t h i s  method of  p r e p a r a t i o n  and have been 
found t o  be e f f e c t i v e  f o r  hydrocarbon s y n t h e s i s .  These c a t a l y s t s  are suppor ted ;  
c a t a l y s t s  with alumina,  s i l i c a ,  o r  k i e s e l g u h r  suppor ts  l e a d  t o  comparable r e s u l t s .  
The s u r f a c e  a r e a  of t h e  suppor t  p l a y s  a r e l a t i v e l y  minor r o l e  i n  the  a c t i v i t y  of 
t h e s e  systems. This  seems reasonable  i n  l i g h t  of t h e i r  high loadings .  In f a c t ,  
p re l iminary  r e s l u t s  sugges t  t h a t  the  number of a c t i v e  si tes and t h e  s u r f a c e  a r e a  of 
t h e  meta l  are remarkably low (about  45 m2/g) f o r  a c t i v e  c a t a l y s t s ;  o p t i m i z a t i o n  of 
a c t i v i t y  with r e s p e c t  t o  s u r f a c e  a r e a  is expected t o  l e a d  t o  s i g n i f i c a n t  improve- 
ments in c a t a l y s t  a c t i v i t y .  

The SOSS c a t a l y s t s  a r e  heterogeneous,  and a l l  r e s u l t s  i n d i c a t e  t h a t  they  remain 
so dur ing  the  course  of t h e  r e a c t i o n .  The n a t u r e  of t h e  homogeneous and heteroge-  
neous components is thought  t o  a f f e c t  t h e  formation of t h e  composite heterogeneous 
SOSS c a t a l y s t s .  The SOSS c a t a l y s t s  a r e  magnet ic ;  t h i s  p r o p e r t y  has  been used i n  
c l e a n i n g  our  r e a c t o r s  a f t e r  runs ,  and may be commercial ly  u s e f u l  i n  c a t a l y s t s  en- 
t ra inment  and recovery.  

1 

As mentioned above, c o b a l t  carbonyl  has  been found t o  i n t e r a c t  with alumina 
under  r e a c t i o n  c o n d i t i o n s ,  but  some i n t r i g u i n g  r e s u l t s  have been obta ined  i n  t h i s  
a r e a .  E a r l y  experiments  have shown t h a t  pal ladium or  p la t inum s e r v e s  a s  a nuclea-  
t i o n  s i t e  f o r  a s p e c i f i c a l l y  s t r u c t u r e d  form of c o b a l t ;  once formed, t h i s  c r y s t a l  
s t r u c t u r e  may be r e t a i n e d ,  except  perhaps a t  very h igh  tempera tures  a t  which t h i s  
p a r t i c u l a r  s t r u c t u r e  is des t royed  and c a t a l y s t  a c t i v i t y  is l o s t .  
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E l u c i d a t i o n  of t h e  unusual  m e t a l l u r g i c a l  f e a t u r e s  of the SOSS c a t a l y s t s  has 
been undertaken.  Examination of a SOSS c a t a l y s t  by e l e c t r o n  microscopy i n d i c a t e s  
t h a t  t h e  p a r t i c l e s  are l a r g e r  and l e s s  f r i a b l e  than  those  of t h e  5% Pd/A1203 used i n  
t h e i r  p r e p a r a t i o n .  EDS d a t a  i n d i c a t e s  t h a t  bo th  meta ls  a r e  present  i n  the c a t a l y s t ,  
confirming our  b e l i e f  t h a t  t h e  he te rogeneous  component (Pd/Al203) i n t e r a c t s  with the 
homogeneous component (Co2(CO)8), c o n v e r t i n g  t h e  l a t t e r  t o  t h e  corresponding metal. 

Powder x-ray d i f f r a c t i o n  d a t a  s u g g e s t s  t h a t  t h e  c a t a l y s t  c o n s i s t s  of a t h i n  
l a y e r  of pal ladium or p la t inum d e p o s i t e d  on t h e  s u p p o r t ,  followed by a much th icker  
l a y e r  of c o b a l t .  The u s u a l  f o r m u l a t i o n  of t h e  c a t a l y s t  i s  2 %  pal ladium or  platinum 
and about 50% c o b a l t ,  w i t h  t h e  remainder  be ing  s u p p o r t .  This  a n a l y s i s  appears  t o  be 
c o n s i s t e n t  wi th  t h e  method of p r e p a r a t i o n  and seems t o  i n d i c a t e  t h a t  t h e  metals  a r e  
n o t  present  a s  a s o l i d  s o l u t i o n .  Furthermore,  t h e  c o b a l t  is p r e s e n t  i n  t h e  face- 
centered-cubic  o r i e n t a t i o n ,  as r e l a t i v e l y  l a r g e  c r y s t a l l i t e s .  This  f e a t u r e  appears  
t o  be important  t o  t h e  a c t i v i t y  of t h i s  c a t a l y s t .  Addi t iona l  c h a r a c t e r i z a t i o n  is  
underway. 

Reac tor  C o n f i g u r a t i o n  and O p e r a t i n g  Condi t ions  

Most exper iments  wi th  t h e  SOSS s e r i e s  c a t a l y s t s  have been conducted i n  a batch 
s l u r r y  r e a c t o r .  The r e a c t o r  sys tem c o s i s t s  of  a 300 mL Autoclave Engineers  Magne- 
Drive r e a c t o r  equipped wi th  l i q u i d  and gas  sampling va lves .  The h e a t e r  i s  c o n t r o l l -  
ed by a proportLoning tempera ture  c o n t r o l l e r  employing a thermocouple. Fine cont ro l  
of  t h e  temperature  i s  achieved  by means of a l t e r n a t i n g  hea t ing  and cool ing  cyc les  i n  
t h e  v i c i n i t y  of t h e  s e t  p o i n t .  Cool ing is c o n t r o l l e d  by the  f low of compressed a i r  
through a so lenoid-ac tua ted ,  i n t e r n a l ,  s p i r a l  c o o l i n g  c o i l .  Temperature can be 
r e a d i l y  c o n t r o l l e d  t o  w i t h i n  2OC. O r d i n a r i l y ,  100 mL of  s l u r r y  s o l v e n t  i s  used, 
a l l o w i n g  200 mL of g a s  space .  The system is normally purged wi th  s y n t h e s i s  gas be- 
f o r e  f i n a l  charg ing .  The SOSS c a t a l y s t ,  once formed, i s  a i r  s t a b l e .  

Although very s imple ,  t h i s  r e a c t o r  system a l lows  f o r  convenient  sc reening  of 
c a t a l y s t  f o r m u l a t i o n s ,  wi th  a c t i v i t y  be lng  c o r r e l a t e d  wi th  t h e  observed pressure  
drop  under i s o t h e r m a l  and i s o c h o r i c  c o n d i t i o n s .  Normally the c a t a l y s t  is prepared 
i n  s i t u ,  under syngas o r  hydrogen p r e s s u r e ,  from C02(CO)a and e i t h e r  supported p l a t -  
inum o r  pal ladium components, i n  a n  a p p r o p r i a t e  s o l v e n t .  T h i s  l e a d s  t o  the  forma- 
t i o n  of the heterogeneous SOSS c a t a l y s t  convenient ly  i n  t h e  s l u r r i e d  s t a t e .  A l l  
ev idence ,  i n c l u d i n g  i n f r a r e d  s p e c t r o p h o t o m e t r i c  d a t a ,  c o l o r i m e t r i c  d a t a ,  chemical 
degrada t ion ,  and magnet ic  s u s c e p t i b i l i t y  of the  sampled l i q u i d  phase, i n d i c a t e  t h a t  
v i r t u a l l y  a l l  of t h e  s o l u b l e  c o b a l t  i s  l o s t  from s o l u t i o n .  The i n t e r a c t i o n  of the  
s o l u b l e  and i n s o l u b l e  components o c c u r s  whi le  t h e  r e a c t o r  is warming and is known t o  
occur  below 120°C. 

The type of s o l v e n t  p l a y s  o n l y  a minor r o l e  i n  c a t a l y s t  format ion ,  a c t i v i t y ,  
and s e l e c t i v i t y ;  cyclohexane,  t e t r a h y d r o f u r a n ,  d e c a l i n ,  and xylene have been found 
t o  l e a d  to  a lmost  i d e n t i c a l  r e s u l t s .  Once formed, the  c a t a l y s t  has  good i n t e g r i t y ,  
showing l i t t l e  i f  any tendency f o r  d i s s o c l a t i o n  t o  carbonyl  s p e c i e s  under our reac-  
t i o n  c o n d i t i o n s .  

A wide v a r i e t y  of r e a c t i o n  c o n d i t i o n s  may be used. The c a t a l y s t s  have been 
used i n  the tempera ture  range of  15O9C t o  25OoC, al though one formula t ion  c o n t a i n i n g  
P t ,  d i s p l a y s  good a c t i v i t i e s  a t  t e m p e r a t u r e s  a s  low a s  7 O o C .  The wide range of 
usable  temperatures  and the  a b i l i t y  to  achieve  reasonable  a c t i v i t y  a t  such low temp- 
e r a t u r e s  a re  n o t a b l e  f e a t u r e s  of t h e  SOSS c a t a l y s t s .  Of course i n c r e a s i n g  tempera- 
t u r e s  leads  t o  s i g n i f i c a n t  improvement i n  c a t a l y s t  a c t i v i t y .  S l u r r y  loadings  have 
heen examined i n  a r e l a t i v e l y  l i m i t e d  range ( 1  t o  7 g of SOSS c a t a l y s t  i n  100 mL of 
s o l v e n t )  with approximate cor respondence  i n  t h e  r a t e  of syngas consumption. 
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The c a t a l y s t s  a r e  a l s o  e f f e c t i v e  wi th  a range of syngas r a t i o s  and p r e s s u r e s .  The 
systems d i s p l a y  good and reasonably  uniform a c t i v i t y  wi th  i n i t i a l  charges  of  500 t o  
1500 p s i ,  a l though they a r e  e f f e c t i v e  at: much lower p r e s s u r e s ;  n O ~ a l l y ,  r e a c t i o n s  
d e c r e a s e  i n  a c t i v i t y  only  s h w l y  u n t i l  t h e  p a r t i a l  p r e s s u r e  of e i t h e r  the  H2 o r  CO 
component drops below about  70 p s i .  The consumption r a t i o  is always n e a r  2 :1  H2:CO, 
c l o s e l y  obeying t h e  e q u a t i o n  CO + 2H2 -(CHz),,- + H20, and most r e a c t i o n s  have been 
c a r r i e d  o u t  with syngas of t h i s  r a t i o .  The use of 1:l syngas l e a d s  t o  comparable 
r e s u l t s  (wi th  a s l i g h t  i n c r e a s e  i n  lower o l e f i n s )  but  r e t a r d a t i o n  i n  a c t i v i t y  occurs  
sooner  due to  d e p l e t i o n  of t h e  Hp component. Even d i l u t e  feeds t reams of syngas 
(2H2:1CO:3N2) a r e  e f f e c t i v e .  Such v e r s a t i l i t y  i n  syngas s u p p l i e s  is another  a t t r i -  
b u t e  of  t h e  SOSS system. L i t t l e  COP is found i n  the  f i n a l  g a s ,  and copious  amounts 
of water a r e  found i n  t h e  s l u r r y  phase when xylene and cyclohexane a r e  used as sol-  
vents .  The bui ldup of water does not  appear  t o  promote c a t a l y s t  d e a c t i v a t i o n .  More 
r e c e n t  modi f ica t ion  of t h e  SOSS c a t a l y s t s  have allowed fo r  a s i g n f i c a n t  d e c r e a s e  i n  
t h e  consumption r a t i o .  

, 

The c a t a l y s t  may be pre-formed, s t o r e d  i n  a i r ,  and l a t e r  added t o  s o l v e n t  and 
used d i r e c t l y  i n  hydrocarbon s y s t h e s i s  without  t h e  need f o r  a d i s c r e t e  a c t i v a t i o n  
s t e p .  This  i s  i n  marked c o n t r a s t  t o  convent iona l  F-T c a t a l y s t s ,  which normally re- 
q u i r e  a ted tous ,  time-consuming r e d u c t i o n  s t e p ,  the  p r e c i s i o n  of which has  a pro- 
nounced bear ing  on the  c a t a l y t i c  p r o p e r t i e s .  In a p a r t i c u l a r  case, a sample of t h e  
damp SOSS c a t a l y s t  was exposed t o  a i r  f o r  2 hours ,  a f t e r  which t i m e  s o l v e n t  was 
added and the  r e a c t o r  was charged wi th  s y n t h e s i s  gas;  a t  200°C t h e  c a t a l y s t  had t h e  
same a c t i v i t y  as b e f o r e  a tmospher ic  exposure.  In o t h e r  cases, t h e  c a t a l y s t  d r i e d  a t  
12OOC i n  a i r  and s t o r e d  i n  s toppered  v i a l s  f o r  weeks e x h i b i t e d  v i r t u a l l y  i d e n t i c a l  
a c t i v i t y  f o r  hydrocarbon s y n t h e s i s .  The s t a b i l i t y  of t h e  SOSS c a t a l y s t s  i n  air is a 
d i s t i n c t l y  favorable  a t t r i b u t e .  

The SOSS c a t a l y s t s  are normally used i n  a d i l u t e  s l u r r y .  No problem w i t h  hea t  
t r a n s f e r  has  a r i s e n ;  t h i s  could be a n t i c i p a t e d  because of t h e  l a r g e  mass of hea t -  
d i s s i p a t i n g  s o l v e n t  p r e s e n t .  However, i n  c o n s t r a s t  t o  c l a i m s  sometimes a t t r i b u t e d  
t o  t h e  s l u r r y  r e a c t o r ,  t h e  SOSS system d i s p l a y s  near ly  c o n s t a n t  consumption r a t i o s  
and appears  to a f f o r d  o n l y  minor v a r i a t i o n s  i n  product  n a t u r e  and d i s t r i b u t i o n  w i t h  
hydrogen p a r t i a l  p r e s s u r e .  

The A c t i v i t y  of SOSS C a t a l y s t s  

Severa l  s tandard  F-T sys tems have been compared wi th  the  SOSS systems under our 
r e a c t i o n  c o n d i t i o n s  (Table  2). These d a t a  show the  remarkable  a c t i v i t y  of t h e  SOSS 
c a t a l y s t s .  Also n o t a b l e  is t h e  o b s e r v a t i o n  t h a t  d e c r e a s i n g  t h e  c o b a l t  loading  
( e n t r i e s  2 and 3 ,  Table  2 )  l e a d s  t o  a lower o v e r a l l  a c t i v i t y  f o r  t h e  SOSS c a t a l y s t ,  
bu t  normal iza t ion  t o  metal l o a d i n g  g i v e s  a somewhat b e t t e r  a c t i v i t y ,  wi th  reasonably  
comparable s e l e c t i v i t y .  N e i t h e r  Co/Al2O3 o r  Pd/A1203 approaches t h e  high a c t i v i t y  
observed with t h e  SOSS system. Furthermore,  n e i t h e r  t h e  Co:Th02:kieselguhr nor the 
Fe:Cu c a t a l y s t s  approach e i t h e r  t h e  h igh  a c t i v i t y  o r  t h e  s e l e c t i v i t y  f o r  l i n e a r  a l i -  
p h a t i c  hydrocarbons found wi th  the  SOSS c a t a l y s t s .  ! 

The 5% Ru/A1203 c a t a l y s t  a f f o r d s  very good a c t i v i t y  i n  p a r t  due to  i t s  high 
metal d i s p e r s i o n .  However, on a c a t a l y s t  weight b a s i s  u s i n g  2.2g of c a t a l y s t ,  
SOSS7A-2C-1-87 a f f o r d e d  55% syngas consumption over  20 min, whi le  the  Ru/A1203 
c a t a l y s t  a f forded  48% o v e r  25 min. The SOSS c a t a l y s t s  prepared t o  d a t e  have poor 
s u r f a c e  a r e a s  and metal d i s p e r s i o n s ;  i f  a c t i v i t y  and s e l e c t i v i t y  can  be maintained 
w h i l e  decreas ing  meta l  l o a d i n g ,  some s t a r t l i n g  improvements may be made. 
Furthermore,  we have found t h a t  very  s i g n i f i c a n t  amounts (about  20%) of the  metal i n  
t h e  5% Ru/A1203 c a t a l y s t  go i n t o  s o l u t i o n  i n  t h e  form of homogeneous ruthenium 
c a r b o n y l s ,  whereas no s o l u b i l i t y  loss of the  SOSS c a t a l y s t s  is observed.  
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TABLE 2 

COMPARISON OF SEVERAL CATALYST SYSTEMS I N  CYCLOHEXANE SLURRYa 
__ 

A c t i v i t y  Consumption 
C a t a l y s t  g prod/ (kg  m e t a l i h r )  R a t  i o  Products  

. - 
SOSS-7a-2C-1-87 3000 2.2 p r i n c i p a l l y  l i n e a r  
prepared from l g  5% 2.0b p a r a f f i n s  
Pt/A120? and 3.4g 
C O ~ ( C O ) ~ ,  i n  s i t u  r 
(2.2g of c a t a l y s t  
c o n t a i n i n g  1.2 g metal) 

S0SS-7A-2B-I1-59 
prepared  from l g  5% Pd 
on 80-100 mesh A1203 
and 3.4g C02(C0)8, i n  
- s i t u  (2.2g c a t a l y s t -  
c o n t a i n i n g  1.2g metal) 

SOSS-2A-2B-I ' 6 1 
prepared  from l g  5% Pd 
on 80-100 mesh A1203 
and  1 . 1 3 g  Co2(C0)8, & 
- s i t u  (1.4g c a t a l y s t  
c o n t a i n i n g  0.4g meta l )  

Co on A l 2 O 3 ,  prepared 
from l g  80-100 mesh 
A1203 and 3.4g Co2(CO)8 
(2.2g c a t a l y s t  c o n t a i n i n g  
1.2g meta l )  

5% Pd on 80-100 mesh A1203 
( l g  of c a t a l y s t  c o n t a i n i n g  
0.05g metal)  

860  

1080 

270 

0 

100Co:18Th02:100 Kiese lguhr  71 
(7.5g of K2CO3 p r e c i p i t a t e d  
c a t a l y s t ,  reduced a t  40OoC 
w i t h  H 2 ,  c o n t a i n i n g  1.3g Co) 

4Fe:lCu (3g of p r e c i p i t a t e d  180 
c a t a l y s t ,  reduced a t  40OoC 
w i t h  H2, c o n t a i n i n g  1.3g Fe)  

2 .o 
1.9b 

3.2 

3.2 

p r i n c i p a l l y  l i n e a r  
p a r a f f i n s  

p r i n c i p a l l y  hydro- 
carbons  wi th  small  
small amounts of 
a l c o  ho 1s 

hydrocarbons and 
a l c o h o l s  

no hydrocarbons o r  
a l c o h o l s  d e t e c t e d  

2.3 hydrocarbons,  r i c h  
i n  lower molecular  
weight  oxygenates  

1.8 hydrocarbons r i c h  
i n  o l e f i n s  

5% Ru/A1203 (2.2g c a t a l y s t ,  21000 2 . 1  p r i n c i p a l l y  l i n e a r  
c o n t a i n i n g  0 . l l g  meta1)c p a r a f f i n s ,  r i c h  in 

high  molecular  
weight  waxes 

aGeneral  Condi t ions :  

bConsumption r a t i o ,  e x c l u s i v e  of methane formation.  
CForms homogeneous metal c a r b o n y l s  under  r e a c t i o n  c o n d i t i o n s .  

100  mL cyc lohexane ,  300 mL AE r e a c t o r  charged w i t h  800 p s i  
H2 and 400 p s i  CO w i t h  r e a c t i o n  c a r r i e d  o u t  a t  225OC (18 m i n  t o  tempera ture) .  
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SOSS Products  

A t  t h e  end of a run ,  t h e  r e a c t o r  is cooled and t h e  gas  phase is analyzed by 
thermal  c o n d u c t i v i t y  g a s  chromatography f o r  H2, CO, C02, CH4, C2H4, C2H6, C3H6, 
C3H8, C4H10, and C5H12. By not ing  t h e  p r e s s u r e  drop d u r i n g  t h e  r e a c t i o n ,  t h e  above 
r e s u l t s  a l low c a l c u l a t i o n  of consumption r a t i o ,  f r a c t i o n  of l i q u i d  phase products ,  
e t c .  O r d i n a r i l y ,  t h e  consumption r a t i o  approaches 2 : l .  Methane is t h e  predominant 
gas-phase product .  Usual ly  o n l y  smal l  c o n c e n t r a t i o n s  of o t h e r  gases  and hydrocar-  
bons are d e t e c t e d ,  and they i n c l u d e  only  t r a c e s  of u n s a t u r a t e s  and l i t t l e  CO2. The 
n a t u r e  of t h e  l i q u i d  products  is determined by tempera ture-programed gas  chromato- 
g r a p h i c  a n a l y s i s .  The p r i n c i p a l  products  ob ta ined  wi th  the  SOSS c a t a l y s t s  are C 1  t o  
>c40 p a r a f f i n s ;  only smal l  amounts of lower a l c o h o l s  have been d e t e c t e d .  Although 
complete  product  c h a r a c t e r i z a t i o n  has  n o t  been c a r r i e d  o u t ,  it appears  t h a t  the  
l i q u i d  products  c o n t a i n  l i t t l e  o r  no a r o m a t i c s ,  u n s a t u r a t e s ,  oxygenates  or branched 
products  and have an average  cha in  l e n g t h  of  about  18. It t h u s  appears  t h a t  t h e  
products  could f i n d  use a s  d i e s e l  o r  j e t  f u e l s .  
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The Henry H. S t o r c h  Award i n  c o a l  r e s e a r c h  
was e s t a b l i s h e d  i n  1964 as a memorial  t o  
Dr. Storch  f o r  h i s  c o n t r i b u t i o n s  t o  s c i e n c e  
as a n  o u t s t a n d i n g  p h y s i c a l  chemis t  and 
r e s e a r c h  d i r e c t o r .  H i s  c o n t r i b u t i o n s  t o  
c o a l  chemis t ry ,  c o a l  hydrogenat ion ,  t h e  
Fischer-Tropsch s y n t h e s i s ,  and c a t a l y s i s  
were of monumental p r o p o r t i o n s .  These  
t o p i c s ,  however, b a r e l y  cover  t h e  s c o p e  o f  
h i s  s c i e n t i f i c  i n t e r e s t s  and accomplish-  
ments ,  which a l s o  i n c l u d e d  thermodynamics, 
gas  phase k i n e t i c s ,  b a s i c  s t u d i e s  of  X-rays 
and t h e  low v o l t a g e  arc, and t h e  s e p a r a t i o n  
of u s e f u l  compounds from sa l t  d e p o s i t s .  
He  w a s  a man of d i v e r s e  t a l e n t ;  i n  t h e  
words of one of h i s  co-workers, " D r .  
S t o r c h  was as p r o f i c i e n t  i n  c o n s i d e r i n g  a 
high-pressure p l a n t  o r  c o s t  estimates as 
h e  w a s  i n  s t u d i e s  of c o a l  s t r u c t u r e  o r  
r e a c t i o n  mechanisms." * I t  is s a i d  t h a t  D r .  
S t o r c h  viewed t h e  chemis t ry  and chemica l  
u t i l i z a t i o n  o f  c o a l  as a g r e a t  c h a l l e n g e ,  
"a last f r o n t i e r  among n a t u r a l  materials." 
Much of our unders tanding  of c o a l  science 
today r e s u l t e d  from h i s  a c c e p t a n c e  of  t h a t  
c h a l l e n g e ,  

The award i n  h i s  memory i s  p r e s e n t e d  
a n n u a l l y  by t h e  Fuel  D i v i s i o n  o f  t h e  
American Chemical S o c i e t y  t o  a U .  S .  
c i t i z e n  who, d u r i n g  t h e  p r e c e d i n g  f i v e  

D r .  Henry H. S t o r c h  
1915 - 1961 

y e a r s ,  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  fundamental  o r  e n g i n e e r i n g  r e s e a r c h  on c o a l .  
To have my name added t o  t h e  l ist of  d i s t i n g u i s h e d  s c i e n t i s t s  who have r e c e i v e d  
t h e  Award i s  a n  unexpected honor  t h a t  I accept  w i t h  t h e  d e e p e s t  h u m i l i t y .  

1964 - 
1965 - 
1966 - 
1967 - 
1968 - 
1969 - 
1970 - 
1971 - 
1972 - 

I r v i n g  Wender 
E v e r e t t  Gor in  
R .  A. F r e i d e l  
Henry R. Linden 
Joseph F i e l d  
P h i l i p  Walker 
(no award) 
George R .  H i l l  
Robert  Van Dolah 

1973 - Artt .ur  M .  S q u i r e s  
1974 - R. Tracy Eddinger  
1975 - G .  Alex M i l l s  
1976 - Heinz W. S t e r n b e r g  
1977 - Frank C .  Schora 
1978 - Wendell Wiser  
1979 - D .  D .  Whi tehurs t  
1980 - Richard C .  Neavel 
1981 - S o l  W .  Weller  
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P a t r i c k  G.  Hatcher,- I r v i n g  A. B r e g e r , l l  L a r r y  W .  Dennis,- and Gary E .  14acie1- 

I'U. S. Geologica l  Survey and - Colorado S t a t e  U n i v e r s i t y  

Paul  C.  P a i n t e r  
FOURIER TRANSFORM INFRARED STUDIES OF COAL STRUCTURE 
The Pennsylvania  S t a t e  U n i v e r s i t y  

Cur t  M. White 
INSTRUMENTAL METHODS FOR THE DETERMINATION OF PAH I N  COAL AND COAL DERIVED MATERIALS 
P i t t s b u r g h  Energy Technology Center  

SOME CURRENT APPLICATIONS OF MAGNETIC RESONANCE IN COAL LIQUEFACTION RESEARCH 

11 21 21 
EMICAL STRUCTURES I N  COAL: l$fR STUDIES AND A GEOCHEMICAL APPROACH 

The 1982 Award Symposium c o n s i s t s  of  f o u r  p a p e r s ,  a l l  o f  which d e s c r i b e  a p p l i c a t i o n s  
of spec t romet ry  i n  c o a l  r e s e a r c h  -- magnet ic  resonance ,  i n f r a r e d ,  and mass s p e c t r o -  
metry coupled w i t h  g a s  chromatography. The f i r s t  and f o u r t h  p a p e r s  i n  t h e  symposium 
are from my own Research C e n t e r .  
i n  Coal L i q u e f a c t i o n  Research" d e s c r i b e s  t h e  u s e f u l n e s s  of n u c l e a r  magnetic and 
e l e c t r o n  s p i n  resonance  i n  i n v e s t i g a t i n g  p o s s i b l e  modes of  c a t a l y s t  d e a c t i v a t i o n ,  
t h e  r o l e  of f r e e  r a d i c a l s  i n  c o a l  p y r o l y s i s  and c o a l  l i q u e f a c t i o n ,  and t h e  f a t e  of  
hydrogen d u r i n g  l i q u e f a c t i o n  processes .  D i s c u s s i o n s  of s t a t e - o f - t h e - a r t  and 
p o t e n t i a l l y  v a l u a b l e  " Ins t rumenta l  Methods f o r  t h e  Determina t ion  of  PAH (Poly- 
n u c l e a r  Aromatic Hydrocarbons) i n  Coal  and Coal-Derived Materials" is t h e  s u b j e c t  
of t h e  p r e s e n t a t i o n  by Mr. C u r t  M. White. M r .  White w i l l  p r e f a c e  h i s  p r e s e n t a t i o n  
wi th  a b r i e f  h i s t o r i c a l  overview. 

The second paper ,  "Chemical S t r u c t u r e s  i n  Coal: NMR S t u d i e s  and a Geochemical 
Approach," provides  new i n s i g h t  i n t o  c o a l  g e n e s i s  and metamorphism. 
t h e  a u t h o r ,  D r .  P a t r i c k  G.  Hatcher ,  t o  d e d i c a t e  h i s  paper  t o  D r .  I r v i n g  Wender, t h e  
f irst  Henry H. S t o r c h  Award r e c i p f e n t  and a former d i r e c t o r  of t h e  P i t t s b u r g h  
Energy Technology C e n t e r .  
by D r .  Paul  C .  P a i n t e r ,  d e s c r i b e s  t h i s  r e l a t i v e l y  new t e c h n i q u e  i n  c o a l  r e s e a r c h  
and compares t h e  r e s u l t s  w i t h  more convent iona l  i n f r a r e d  s p e c t r a l  s t u d i e s .  D r .  
P a i n t e r ' s  paper  i s  d e d i c a t e d  t o  D r .  Robert  A .  F r i e d e l ,  t h e  person  who f i r s t  i n t r o -  
duced m e  t o  t h e  f a s c i n a t i n g  world of  c o a l  r e s e a r c h  and t h e  t h i r d  person  t o  r e c e i v e  
t h e  award. It w a s  my p r i v i l e g e  t o  have worked many y e a r s  w i t h  b o t h  D r s .  Wender and 
F r i e d e l .  T h e i r  encouragement, h e l p f u l n e s s ,  and w i l l i n g n e s s  t o  l i s t e n  p layed  no 
s m a l l  p a r t  i n  my own s c i e n t i f i c  career. The d e d i c a t i o n  of t h e s e  two papers  t o  them 
is a small token of my a p p r e c i a t i o n .  

"Some C u r r e n t  A p p l i c a t i o n s  of Magnetic Resonance 

I have asked 

"Four ie r  Transform I n f r a r e d  S t u d i e s  of  Coal S t r u c t u r e , "  



SOME CURRENT APPLICATIONS OF MAGNETIC RESONANCE I N  COAL LIQUEFACTION RESEARCH 

H .  L. Retcofsky,  R. G.  L e t t ,  D. H.  F inse th . ,  and R. F. Sprecher  

P i t t s b u r g h  Energy Technology C e n t e r ,  P. 0. Box 10940, P i t t s b u r g h ,  PA 15236 

Nuclear  magnet ic  and e l e c t r o n  s p i n  resonance  (NMR & ESR) s p e c t r o m e t r i e s  have 
proven t o  b e  ex t remely  powerful  s t r u c t u r e - d e t e r m i n i n g  t o o l s  i n  c o a l  r e s e a r c h  (1-4).  
The techniques  have been shown t o  be  e s p e c i a l l y  v a l u a b l e  i n  s t u d i e s  of c o a l  
l i q u e f a c t i o n ,  n o t  o n l y  as c o m p o s i t i o n a l  probes  (1-4), b u t  a l s o  as means of e l u c i -  
d a t i n g  r e a c t i o n  mechanisms (4-7) .  I n  t h i s  paper ,  t h e  fo l lowing  r e l a t i v e l y  r e c e n t  
a p p l i c a t i o n s  of magnet ic  resonance  i n  c o a l  l i q u e f a c t i o n  r e s e a r c h  a r e  d e s c r i b e d  
b r i e f l y :  

e I n v e s t i g a t i o n  of t h e  n a t u r e  of carbon d e p o s i t s  on 
used c o a l - l i q u e f a c t i o n  c a t a l y s t s  

0 Determina t ion  of  t h e  f a t e  of hydrogen dur ing  coal  
l i q u e f a c t i o n  

0 Observa t ion  of t r a n s i e n t  f r e e  r a d i c a l s  dur ing  coal 
p y r o l y s i s  

The f i r s t  two of t h e s e  make e x t e n s i v e  u s e  of c r o s s - p o l a r i z a t i o n  carbon-13 magnet ic  
r e s o n a n c e  combined w i t h  magic a n g l e  s p i n n i n g  (CP/MAS NMR), whereas t h e  t h i r d  is an 
e l e c t r o n  s p i n  resonance i n v e s t i g a t i o n .  

CHARACTERIZATION O F  CARBON DEPOSITS ON COAL-LIQUEFACTION CATALYSTS. Coal - l iquefac t ion  
c a t a l y s t s  a r e  known t o  be r e l a t i v e l y  s h o r t - l i v e d ,  e s p e c i a l l y  wi th  regard  t o  s u l f u r  
removal  (8). Carbon d e p o s i t i o n ,  s i n t e r i n g  by steam, and metals d e p o s i t i o n  are 
thought  t o  b e  t h e  p r i n c i p a l  c a u s e s  of d e a c t i v a t i o n  (8).  The CP/MAS NMR t echnique  
is  p o t e n t i a l l y  a means of  c h a r a c t e r i z i n g  t h e  carbon d e p o s i t s .  

I n  a r e c e n t  c o o p e r a t i v e  c a t a l y s t  d e a c t i v a t i o n  s t u d y  conducted a t  t h e  Amoco Research 
C e n t e r  and t h e  P i t t s b u r g h  Energy Technology Center  (PETC), s e l e c t e d  c o a l  l i q u e -  
f a c t i o n  c a t a l y s t s  (Table  1) were t e s t e d  i n  a cont inuous  r e a c t o r  f o r  v a r i o u s  p e r i o d s  
of  t i m e .  The feed  ra te  of 
t h e  s l u r r y ,  which c o n s i s t e d  of 25% I l l i n o i s  No. 6 c o a l  i n  Koppers Creosote  O i l  o r  
SRC-11 Heavy D i s t i l l a t e ,  was nominal ly  400g/hr ,  and t h e  r e s i d e n c e  t ime w a s  approxi -  
mate ly  48 minutes .  

R e p r e s e n t a t i v e  CP/MAS NMR s p e c t r a  of  c a t a l y s t  p e l l e t s  removed from t h e  r e a c t o r  
a f t e r  25 and 480 hours  of o p e r a t i o n  are shown i n  F i g u r e  1. 
t h e  two resonance s i g n a l s  i n  each spec t rum (exc luding  t h e  a romat ic  s idebands)  is 
a s s i g n a b l e  t o  a romat ic  carbons ;  t h e  r a t i o  of  t h e  area of t h i s  s i g n a l  t o  t h e  t o t a l  
s p e c t r a l  area is a n  i n d i c a t i o n ,  i f  n o t  a n  a b s o l u t e  measure, of t h e  carbon a r o m a t i c i t y  
of  t h e  carbon d e p o s i t s  on t h e  p a r t i a l l y  d e a c t i v a t e d  c a t a l y s t  samples. 

I n  a d d i t i o n  t o  t h e  CP/MAS measurements, NMR s p e c t r a  w i t h o u t  magic a n g l e  s p i n n i n s ,  
X-ray d i f f r a c t i o n  p a t t e r n s ,  and e l e m e n t a l  a n a l y s e s  were obta ined  f o r  t h e  samples .  
With i n c r e a s i n g  t i m e  i n  t h e  r e a c t o r ,  t h e  fo l lowing  occurred :  

The r e a c t o r  was o p e r a t e d  a t  427OC and a t  2000 p s i  H 2 .  

The more i n t e n s e  of 

The c a t a l y s t  samples  s u f f e r e d  a lo s s  of a c t i v i t y  ( a s  
measured by c o n v e r s i o n  t o  pentane-so luble  material). 
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o The weight  p e r c e n t  carbon d e p o s i t e d  on t h e  c a t a l y s t s  
i n c r e a s e d .  

t) The carbon d e p o s i t s  i n c r e a s e d  i n  a r o m a t i c i t y  and 
became more h i g h l y  ordered .  

FATE OF HYDROGEN DURING COAL LIQUEFACTION. 
o p e r a t i o n  of any d i r e c t  c o a l  l i q u e f a c t i o n  p r o c e s s  i s  t h e  p r i c e  pa id  f o r  hydrogen 
comsumed dur ing  t h e  p r o c e s s .  To b e t t e r  unders tand  t h e  f a t e  of t h i s  hydrogen, PETC 
i s  developing a method t o  de te rmine  t h e  amount of hydrogen consumed v i a  t h e  

A major  c o n s i d e r a t i o n  i n  t h e  a c t u a l  

1 fo l lowing  ( 7 ) :  

e Hydroqenat ion 

e Hydrogenolysis  t o  produce l i g h t  hydrocarbon g a s e s  

e Hydrogenolysis  of C-C bonds r e s u l t i n q  i n  breakdown 
of t h e  c o a l  m a t r i x  

o Heteroatom e l i m i n a t i o n  

The method r e q u i r e s  t h e  u s e  of  e l e m e n t a l  a n a l y s i s ,  NMR d a t a ,  and a n  a c c u r a t e  
carbon mass ba lance  ( i n c l u d i n g  g a s e s ) ,  t o g e t h e r  wi th  s e v e r a l  assumptions concern ing  
t h e  s to ich iometry  of t h e  f o u r  c l a s s e s  of r e a c t i o n s  g iven  above. The model l e a d s  
t o  t h e  r e l a t i o n s h i p  

A H  = Afa + 2AC-C + ANOS 
I 

i n  which t h e  numerical  d a t a  are s c a l e d  t o  100 carbon atoms of t o t a l  feed .  I n  t h e  
e q u a t i o n ,  AH i s  t h e  t o t a l  number of hydrogens i n c o r p o r a t e d  i n t o  carbonaceous 
p r o d u c t s ,  A €  i s  t h e  number of carbons  hydrogenated,  ANOS i s  t h e  number of he te ro-  
atoms remove$, and AC-C i s  t h e  number of C-C bonds broken v i a  hydrogenolys is .  
Three of t h e  f o u r  terms i n  t h e  e q u a t i o n  can be r e a d i l y  deduced from exper imenta l  
d a t a ;  AC-C, however, i s  determined by d i f f e r e n c e .  Knowledge of  t h e  g a s  make and 

m a t r i x  bond c o n t r i b u t i o n .  The r e s u l t s  of apply ing  t h e  method t o  a n  exper imenta l  
r u n  i n  t h e  PETC 400 l b / d a y  c o a l  l i q u e f a c t i o n  PDU are g iven  i n  Table  2. 
approximately h a l f  t h e  hydrogen consumed d u r i n g  t h e  r u n  i s  involved  i n  C-C bond 
breaking  mechanisms. 

OBSERVATION OF TRANSIENT RADICALS DURING COAL PYROLYSIS. Although much ev idence  
e x i s t s  t h a t  s u g g e s t s  f r e e  r a d i c a l  mechanisms a r e  o p e r a t i v e  i n  c o a l  l i q u e f a c t i o n  
p r o c e s s e s  (9-11), f r e e  r a d i c a l  i n t e r m e d i a t e s  have never  been d i r e c t l y  observed 
d u r i n g  such  p r o c e s s e s .  Recent h igh-pressure ,  high-temperature  ESR s t u d i e s  under  
s imula ted  c o a l  l i q u e f a c t i o n  c o n d i t i o n s  have provided c o n s i d e r a b l e  i n s i g h t  i n t o  
exper imenta l  f a c t o r s  a f f e c t i n g  l i q u e f a c t i o n  behavior  (5) ;  n e v e r t h e l e s s ,  t r a n s i e n t  
r a d i c a l s  were n o t  d e t e c t e d .  T h i s  l e a d s  one t o  s p e c u l a t e  t h a t  any r a d i c a l s  formed 
d u r i n g  t h e  i n i t i a l  thermolys is  react r e a d i l y  w i t h  hydrogen donors. 
work, we have observed t h e  behavior  of t h e  f r e e  r a d i c a l s  i n  c o a l  dur ing  r a p i d  
p y r o l y s i s  d i r e c t l y  i n  t h e  c a v i t y  of a n  ESR spec t rometer .  Two v e r s i o n s  of  t h e  
i n  s i t u  ESR p y r o l y s i s  exper iments  were conducted.  I n  t h e  f i r s t  v e r s i o n ,  t h e  
s e a l e d  ESR sample tube  was comple te ly  w i t h i n  t h e  h igh  tempera ture  r e g i o n  of t h e  
c a v i t y ;  i n  t h e  second v e r s i o n ,  s e v e r a l  c e n t i m e t e r s  of t h e  sample tube  extended 
o u t s i d e  t h e  c a v i t y  i n t o  t h e  ambient a i r .  

I n  t h a t  v e r s i o n  of  t h e  experiment  i n  which t h e  sample w a s  completely immersed i n  
t h e  h e a t e d  zone of  t h e  c a v i t y ,  I r e l a n d  Mine c o a l  h e a t - t r e a t e d  a t  535OC showed a 
r a p i d  i n c r e a s e  i n  f r e e  r a d i c a l  c o n t e n t ;  w i t h i n  f i v e  minutes  a f t e r  t h e  p y r o l y s i s  

I composi t ion a l lows  s e p a r a t i o n  of t h e  AC-C term i n t o  a g a s  make c o n t r i b u t i o n  and a 

Note t h a t  

I n  t h e  p r e s e n t  
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had begun, t h e  number of f r e e  r a d i c a l s  had i n c r e a s e d  by a f a c t o r  of approximately 
t h r e e .  The p y r o l y s i s  exper iments  were t h e n  r e p e a t e d  i n  t h e  presence  of 9,lO- 
dihydroanthracene  -- a known hydrogen donor  -- and i n  t h e  presence  of phenanthrene -- 
a nondonor. The f r e e  r a d i c a l  c o n c e n t r a t i o n  p e r  gram of c o a l  was found t o  be  
independent  of  t h e  p r e s e n c e  of  phenanthrene ;  however fewer r a d i c a l s  p e r  gram of 
c o a l  were formed d u r i n g  p y r o l y s i s  i n  9 .10-dihydroanthracene.  These r e s u l t s  a r e  
c o n s i s t e n t  wi th  c u r r e n t  t h e o r i e s  of  c o a l  l i q u e f a c t i o n .  The p y r o l y s i s  of c o a l ,  
either a lone  o r  i n  t h e  p r e s e n c e  o f  a nondonor s o l v e n t ,  r e s u l t s  i n  t h e  format ion  of 
f r e e  r a d i c a l s ,  which t e n d  t o  recombine i n t o  r e l a t i v e l y  high-molecular-weight 
p r o d u c t s .  P y r o l y s i s  i n  t h e  p r e s e n c e  of a donor s o l v e n t ,  however, r e s u l t s  i n  a 
more e f f i c i e n t  capping  o f  t h e s e  r a d i c a l s  by t h e  d o n a t a b l e  hydrogen o r  by small 
r a d i c a l  f ragments  from t h e  s o l v e n t .  

The f a c t  t h a t  no t r a n s i e n t  r a d i c a l s  were observed sugges ted  t h a t  t h e  l i f e t i m e s  of 
t h e  r a d i c a l s  were s imply t o o  s h o r t  t o  permi t  t h e  accumulat ion 'of  a p o p u l a t i o n  
l a r g e  enough t o  be  d e t e c t e d  i n  a n  ESR experiment .  A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  
behavior  i s  t h a t  pr imary  t a r s  formed d u r i n g  t h e  p y r o l y s i s  of c o a l  a c t e d  as a donor 
s o l v e n t  s i m i l a r l y  t o ,  b u t  n o t  as e f f i c i e n t l y  as, t h e  9, lO-dihydroanthracene.  A 
p o s s i b l e  way t o  e x p l o r e  t h i s  h y p o t h e s i s  would be t o  a l l o w  t h e  tars t o  be removed 
from t h e  r e a c t i o n  zone of t h e  c o a l .  

T h i s  w a s  accomplished by us ing  t h e  second v e r s i o n  of t h e  ESR p y r o l y s i s  experiment  
i n  which p a r t  of t h e  sample tube  ex tended  i n t o  a "cold" zone, i . e . ,  ambient a i r ,  
o u t s i d e  t h e  hea ted  p o r t i o n  of  t h e  c a v i t y .  The r a p i d  h e a t i n g  of t h e  sample produced 
a t r a n s i e n t  p o p u l a t i o n  o f  u n s t a b l e  f r e e  r a d i c a l s ,  which reached a maximum a f t e r  
approximately two minutes  of p y r o l y s i s  a t  535OC ( F i g u r e  2 ) .  I n  a d d i t i o n  t o  t h e  
t r a n s i e n t  r a d i c a l s ,  a p o p u l a t i o n  of  f r e e  r a d i c a l s  i n  excess  of t h e  p o p u l a t i o n  
p r e s e n t  i n  t h e  o r i g i n a l  c o a l  was produced.  
produced s i m i l a r  b e h a v i o r ,  a l t h o u g h  t h e  p o p u l a t i o n  maxima were n o t  n e a r l y  s o  
pronounced as t h e  maximum produced a t  535OC and occurred  a f t e r  a l o n g e r  per iod  of 
r e a c t i o n  t i m e .  
f ree r a d i c a l s  wi th  only  s l i g h t  e v i d e n c e  of a t r a n s i e n t  popula t ion .  E x t r a p o l a t i o n  
of t h e  time-dependent p o p u l a t i o n s  a t  t h e  t h r e e  tempera tures  t o  z e r o  p y r o l y s i s  time 
r e s u l t e d  i n  a p o p u l a t i o n  somewhat g r e a t e r  than  t h a t  observed f o r  t h e  c o a l  i t s e l f .  
The apparent  g v a l u e ,  a f t e r  an i n i t i a l  s m a l l  downward s h i f t ,  w a s  c o n s t a n t  d u r i n g  
p y r o l y s i s  a t  a l l  t empera tures  and sugges ted  carbon-centered r a d i c a l s .  The s p e c t r a l  
l i n e w i d t h s ,  measured a s  f u l l  w i d t h  a t  h a l f  i n t e n s i t y  of  t h e  a b s o r p t i o n  peaks,  
reached  a maximum v a l u e  a t  about  t h e  same t i m e  t h e  p o p u l a t i o n  reached a maximum. 

The presence  of  a maximum i n  t h e  s p i n  p o p u l a t i o n  VS. t i m e  curve  i m p l i e s  t h a t  t h e r e  
is more t h a n  one s t e p  i n  t h e  mechanism t h a t  produces t h e  s t a b l e  f r e e  r a d i c a l  
s p e c i e s .  I t  a l s o  shows t h a t  r e a c t i v e  f r e e  r a d i c a l s  a r e  formed dur ing  p y r o l y s i s  a t  
t empera tures  only  s l i g h t l y  h i g h e r  t h a n  t h o s e  commonly used i n  c o a l  l i q u e f a c t i o n  
p r o c e s s e s .  The presence  of a resonance  l i n e w i d t h  i n  e x c e s s  of t h a t  observed f o r  
e i t h e r  t h e  c o a l  or t h e  c o a l  a f t e r  extended p e r i o d s  of h e a t  t r e a t m e n t  i m p l i e s  
e i t h e r  t h a t  a chemica l ly  he te rogeneous  p o p u l a t i o n  of r a d i c a l s  is p r e s e n t  d u r i n g  
p y r o l y s i s  o r  t h a t  t h e  r a d i c a l  c e n t e r s  on t h e  t r a n s i e n t  s p e c i e s  are r i c h e r  i n  
hydrogen than  the c e n t e r s  on t h e  s t a b l e  r a d i c a l s .  
i n d i c a t e s  that the l a t t e r  c h o i c e  i s  t h e  c o r r e c t  one,  as i t  seems u n l i k e l y  t h a t  a 
new heterogeneous p o p u l a t i o n  of t r a n s i e n t  r a d i c a l s  would have a n  average  g v a l u e  
w i t h i n  one ppm of  t h e  a v e r a g e  observed  f o r  t h e  h e a t - t r e a t e d  c o a l .  The i n i t i a l  
s m a l l  s h i f t  toward a lower g v a l u e  h a s  been observed a t  much lower tempera tures  
and may be  a s c r i b e d  t o  l o s s  of oxygen as  CO, COz,  and H20 ( 6 ) .  

P y r o l y s i s  a t  51OoC and a t  495OC 

P y r o l y s i s  a t  495OC produced a s l i g h t  e x c e s s  p o p u l a t i o n  of s t a b l e  

The r a t h e r  c o n s t a n t  g v a l u e  
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Table 1. Catalyst Specifications 

i 

Chemka! Composition Amocat 1A 1442A 

MOO,, wt% on dry basis 

COO, w%% on dry basis 

16.0 

3.0 

Surface Proper ties 

BET surface area, m2/g 

(determined by N2 sorption) 

Total pore volume, cm3/9 
(determined by N2 sorption and 
Hg porosimetry) 

% Pore volume in macropores 1 8 k 5  
(determined by N2 sorption and 
Hg porosimetry ) 

170 minimum 
0 

Average micropore diameter, A 120*10  

0.75k 0.05 

332 

56 

0.74 

28 

Table 2. The fate of hydrogen consumed in Run FB-62 

Reaction 

Hydrogenation 

C-C Linkage Breaking 
To generate light gas 

To break down matrix 

Heteroatom Elimination 

Total 

Hydrogens %Hydrogen 
/ 180 C Consumed 

3 30% 

2 

3 

2 

10 

20% 

30% 

20% 

100% 



Chemical s t r u c t u r e s  i n  c o a l :  XVX s t u d i e s  and a geochemical approach 

D a t r i c k  G. Hatcher  and I r v i n g  A. Rreger  

U.S. GeOlOgiCa1 Survey 
Res ton ,  VA 22092 

L a r r y  i J .  Dennis  and Gary E.  Maciel 

Colorado  S t a t e  U n i v e r s i t y  
F o r t  Collins, CO 80523 

INTRODUCTION 

Coal i s  composed of a complex, he t e rogeneous  m i x t u r e  of p l a n t  r e s i d u e s  whose 
chemica l  conpos i t i on  h a s  heen t h e  s u h j e c t  of r e s e a r c h  f o r  t h e  p a s t  70 y e a r s  ( 1 ) .  
The work o f  van Krevelen  and Schuyer ( 2 )  has  i n  r e c e n t  y e a r s  been t h e  p i n n a c l e  of  
o u r  unde r s t and ing  of i t s  chemica l  s t r u c t u r e .  Recent renewed i n t e r e s t  i n  conve r s ion  
p r o c e s s e s  f o r  c o a l  a l o n g  wi th  t h e  a v a i l a b i l i t y  o f  new a n a l y t i c a l  t echn iques  have 
s t i m u l a t e d  i n t e n s i f i e d  r e s e a r c h  (1). 

t h a t  any whole c o a l  i s  conposed o f  mace ra l s  o f  w ide ly  d i f f e r t n g  compos i t ions  and 
chemica l  s t r u c t u r e s .  Thus, a l t h o u q h  r e p r e s e n t a t i o n s  of  a n  ave rage  model f o r  c o a l  
( 3 )  i n  te rms  of t h e  t y p e s  of c o n s t i t u e n t  molecules  may be u s e f u l  from a broad 
s t a t i s t i c a l  v iew,  such s t r u c t u r a l  models cannot  he  c o n s i d e r e d  r e p r e s e n t a t i v e  f o r  a 
whole c o a l  o r  even  a p a r t i c u l a r  mace ra l  o t h e r  t han  v i t r i n i t e .  It h a s  been par- 
t i c u l a r l y  mis l ead ing ,  t h e r e f o r e ,  t o  d e p i c t  c o a l  as a hydroaromat ic  s t r u c t u r e  i n  
w5ich a l i p h a t i c  groups  a r e  connec ted  t o  a r o m a t i c  g roups  on t h e  b a s i s  of  r e l a t i v e l y  
meager d i r e c t  ev idence .  

Hatcher  ( 4 )  sugges t ed ,  on t h e  h a s i s  of PNP, s t d i e s ,  t h a t  t h e  a l i p h a t i c  s t r u c -  
t u r e s  i n  c o a l  may a c t u a l l y  he  m o l e c u l a r l y  d i s t i n c t  c o n s t i t u e n t s  d e r t v e d  from sources  
o t h e r  t han  v a s c u l a r  p l a n t s  and not  chemica l ly  bound t o  t h e  a romat i c  s t r u c t u r e  of 
which c o a l  i s  main ly  composed. l l aya t su  ct. ( 5 )  reached  t h e  same conc lus ions .  
On t h e  h a s i s  of d i f f e r e n t  PP4R r e l a x a t i o n  d a t a  f o r  nuc le i .  of a romat i c  and a l i p h a t i c  
s t r u c t u r e s ,  S u l l i v a n  and Macie l  ( 6 )  sugges t ed  t h a t  c o a l  may c o n t a i n  a romat i c - r i ch  
and a l i p h a t i c - r i c h  domains t h a t  a r e  s p a t i a l l y  d i s t i n c t .  l l a t che r  and h i s  co-workers 
(7 )  f u r t h e r  sugges t ed  t h a t  t h e  a l i p h a t i c  s t r u c t u r e s  i n  c o a l  and i t s  p r e c u r s o r ,  p e a t ,  
o r i g i n a t e d  as r e s i d u e s  from a l g a l  and m i c r o b i a l  sou rces .  

Van Krevelen  ( 8 )  and Breger  ( 9 )  r ecogn ized  t h a t  c o a l  a s  we l l  a s  kerogen  in 
s h a l e s  i s  a mix tu re  of v a s c u l a r  p l a n t  and a l g a l  remains  t h a t  had undergone 
c o a l i f i c a t i o n .  Inasmuch as the  two s o u r c e  components va ry  wide ly  i n  chemica l  
compos i t ion  and s t r u c t u r e ,  t h e  t e r r e s t r i a l  component he ing  h i g h l y  a romat i c  and low 
i n  hydrogen and t h e  a q u a t i c  component b e i n g  h i g h l y  a l i p h a t i c  and h igh  i n  hydrogen, 
i t  seemed l o g i c a l  t o  conclude  t h a t  c o a l  formed from t h e  mixture  of t h e s e  components 
would have a chemica l  compos i t ion  dependent  on  t h e  r e l a t i v e  c o n t r i b u t i o n s  from each  
o f  t h e  two sources .  Coal de r ived  p redominan t ly  from t h e  remains of v a s c u l a r  p l a n t s  
i s  termed "humic c o a l " ,  and t h a t  d e r i v e d  predominant ly  from a l g a l  remains  is termed 
" s a p r o p e l i c  c o a l " .  Although many c o a l s  a r e  e i t h e r  e x c l u s i v e l y  hunic  or s a p r o p e l i c ,  
mixed v a r i e t i e s  a r e  a l s o  abundant .  
d i d  not  have t h e  c u r r e n t l y  a v a i l a b l e  s o p h i s t i c a t e d  t o o l s  f o r  s t r u c t u r a l  a n a l y s i s  
f o r  d e f i n i n g  and q u a n t i f y i n g  t h e  two i n d i v i d u a l  components. 
l a c k  of informatLon has  e x i s t e d  conce rn ing  t h e  chemica l  s t r u c t u r e s  of  c o a l  and 
kerogen .  

Most s t r u c t u r a l  models f o r  c o a l  a r e  based on v i t r i n i t e  and i g n o r e  t h e  f a c t  

U n f o r t u n a t e l y ,  van Krevelen  (8)  and Rreger  ( 9 )  

As a r e s u l t ,  a g e n e r a l  
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In t h i s  s t u d y ,  we have used t h e  p r i n c i p l e s  advoca ted  hy van Rreve len  (8) and 
Rreger (9) and have examined t h e  chemical  s t r u c t u r e  and c o q o o s i t i o n  o f  t h e  humic 
and s a p r o p e l i c  c o n t r i b u t o r s  t o  c o a l  and ke rogen  hy s o l i d - s t a t e  I 3 C  NMR u s i n g  t h e  
t echn ique  of  c r o s s  p o l a r i z a t i o n  and magic-angle s p i n n i n g  (CPMAS). T h i s  h a s  heen  
accomplished by examina t ion  of  modern (Holocene)  p r e c u r s o r s  o f  bo th  humic and 
s a p r o p e l i c  c o a l  ( p e a t  and s a p r o p e l ) ,  and by s t u d y  o f  c o a l  and kerogen.  

NETHODS 
i 

Sample p r e p a r a t i o n  

Samples of p e a t ,  s a p r o p e l ,  and c o a l  were a i r - d r i e d  o r  f r e e z e - d r i e d  and t h e n  
1 

ground,  using a mortar and p e s t l e  o r  a d i s c  g r i n d e r ,  t o  pas s  a l(l9-mesh s c r e e n .  
The p e a t s  and s a p r o p e l s  were t r e a t e d  s e q u e n t i a l l y  w i t h  a l : l ( v / v )  benzene/methanol  
mix tu re ,  a 0.1 N aqueous Y C 1  s o l u t i o n ,  and a 0.5 N aqueous NaOB s o l u t i o n  t o  
i so l a t e ,  a s  r e s i d u e s ,  t h e  j n s o l u h l e  f r a c t i o n s  from each .  These r e s i d u e s  (humin) 
were then  f r eeze -d r i ed  and s t o r e d .  The i n s o l u h l e  r e s i d u e s  i s o l a t e d  i n  t h i s  way 
from t h e  s a p r o p e l s  were a d d i t i o n a l l y  t r e a t e d  w i t h  a l : l ( v / v )  c o n c e n t r a t e d  HCl/YF 
mix tu re  t o  remove t h e  m i n e r a l  matter and h y d r o l y z a b l e  s u b s t a n c e s .  These r e s i d u e s  
were then  a l s o  f r eeze -d r i ed  and s t o r e d .  

Nuclear  magnet ic  r e sonance  

1 3 C  NMR s p e c t r a  were o h t a i n e d  a t  a f i e l d  s t r e n g t h  o f  1.4 T. D e t a i l s  of  t h e  
method have been puh l i shed  (10 ) .  

RESULTS AND 3ISCUSSION 

Holocene p r e c u r s o r s  of c o a l  

The Everglades of F l o r i d a  and t h e  Dkefenokee Swamp of Georgia  are Holocene 
p r e c u r s o r s  of a n c i e n t  peat-forming swamps. Although v a s c u l a r  ( t e r r e s t r i a l )  p l a n t s  
c o n t r i b u t e  g r e a t l y  t o  such  p e a t ,  a q u a t i c  p l a n t s  make s u b s t a n t i a l  c o n t r i b u t i o n s .  
Because t h e  mix tu re  o f  t e r r e s t r i a l  and a q u a t i c  o r g a n i c  d e h r i s  t e n d s  t o  ohscu re  
d e t e r m i n a t i o n s  of  t h e  t r u e  chemical  s t r u c t u r e  of c o a l ,  we dec ided  t o  examine 
t h e  changes t h a t  wood undergoes when i t  i s  b u r i e d  under a n a e r o b i c  c o n d i t i o n s  and 
c o a l i f i e d .  Fig. 1 shows t h e  CPYAS 1 3 C  NElR s p e c t r a  o f  samples  of  modern sp ruce  
wood and t h e  Same type  of  wood 5 u r i e d  a n a e r o b i c a l l y  f o r  v a r i o u s  l e n g t h s  of  t i m e .  
These s p e c t r a ,  i n  p a r t  puh l i shed  e a r l i e r  ( l l ) ,  demons t r a t e  t h a t  Carbohydrates  
(peaks  a t  65,  72-85, 106 pprn) decompose and a r e  removed from wood d u r i n g  
d i a g e n e s i s  and t h a t  l i g n i n  (peaks  a t  55, 120,  130, 150 ppm) i s  c o n c e n t r a t e d  by 
d i f f e r e n c e  i n  t h e  r e s i d u e .  The s i g n a l  a t  55 ppm i n  l i g n i n  is caused hy methoxyl 
c a r b o n s  and t h e  s i g n a l s  a t  120, 130 and 150  pprn a r e  due t o  a r o m a t t c  ca rbons  ( t h e  
peak a t  150 ppm is t h a t  of  oxygen- subs t i t u t ed  aromatic c a r b o n s ) .  The spectrum of 
a Niocene brown c o a l  ( F i g .  1) is n e a r l y  i d e n t i c a l  t o  t h a t  of  p e r i o d a t e  l i g n i n .  
Our conc lus ion  i s  t h a t  l i g n i n  i s  r e l a t i v e l y  u n a f f e c t e d  and remains r e l a t i v e l y  w e l l  
p re se rved  under a n a e r o b i c  c o n d i t i o n s ,  whereas c e l l u l o s e  and o t h e r  c a r b o h y d r a t e s  
a r e  degraded and removed from t’le wood. L ign in  and c e l l u l o s e  a r e  t h e  major  
components of v a s c u l a r  p l a n t s .  In a p e a t  swamp, t h e  c e l l u l o s e  p r e d i c t a b l y  would 
be  decomposed when wood is  hur i ed  a n a e r o b i c a l l y ;  in c o n t r a s t ,  l i g n i n  would h e  
c o n c e n t r a t e d  d i f E e r e n t i a l l y .  Because i t  i s  i n s o l u b l e ,  t h e  l i g n i n  would be  
c h a r a c t e r i z e d  a s  humin. 

swamp dominated by non-woody v a s c u l a r  p l a n t  r e q a i n s ,  t w o  c o r e s  o f  p e a t  were c o l l e c t e d  
where sawgrass  i s  t h e  dominant v e g e t a t i o n .  The f i r s t ,  t h e  b a s a l  2.2 m of  a 16-m 
c o r e ,  was c o l l e c t e d  nea r  t h e  c o n t a c t  of  a p e a t  u n d e r l y i n g  a s a p r o p e l  in Mangrove 

To de te rmine  whether  t h e  same c o a l i f i c a t i o n  p r o c e s s e s  a r e  e f f e c t i v e  i n  a pea t  
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Lake, Renuda .  Th i s  sawgrass  p e a t  w a s  formed a t  t h e  t i m e  of a lower s t a n d  of 
water  i n  t h e  l a k e  approx ima te ly  10,000 y e a r s  ago  (12). The sawgrass  pea t  was 
s e c t i o n e d  and t r e a t e d  t o  i s o l a t e  humin, t h e  major component of t h e  pea t .  The 
CPblA.5 NNR s p e c t r a  of humins i n  f o u r  s t r a t i g r a p h i c  l a y e r s  a r e  shown i n  F ig .  2 .  

demonst ra te  t h a t  h i g h l y  a r o m a t i c  v a s c u l a r  p l a n t  r e s i d u e s  a r e  predominant ,  a s  l a r g e  
peak i n t e n s i t i e s  a r e  ohserved  i n  t h e  a r o m a t i c  r e g i o n  (110-160 ppm). 
of  s t r o n g  s i g n a l s  f o r  oxygen- subs t i t u t ed  a r o n a t i c  ca rbons  (150 ppm) and f o r  
a e t h o x y l  ca rhons  (55  ppm) i n  a l l  t h e  s p e c t r a  i n d i c a t e  t h a t  l i gn in -de r ived  
s t r u c t u r e s  abound. An a d d i t i o n a l  peak i s  ohserved  i n  t h e  p a r a f f i n i c  ca rbon  
r e g i o n  (0-50 ppm) of some s p e c t r a  of  t h e  humins. Though i t  is inconsp icuous  i n  
t h e  more deep ly  bu r i ed  o r  o l d e r  c o r e d  p e a t  u n i t s ,  t h i s  a l i p h a t i c  peak i s  more 
pronounced i n  t h e  sha l lower  o r  younger  co red  p e a t  u n i t s ,  where c o n d i t i o n s  a t  t he  
t i m e  o f  d e p o s i t i o n  were p rohah ly  beg inn ing  t o  he  more conducive  t o  t h e  
sed imen ta t ion  of t h e  a q u a t i c  s a p t o p e l  ohserved  immedia te ly  above i t  i n  t h e  co re .  
The s p e c t r a ,  appear  t o  i n d i c a t e  a d e c r e a s i n g  t r e n d  i n  t h e  c o n c e n t r a t i o n s  of 
ca rbohydra t e s  (peak a t  72 ppm) a s  a f u n c t i o n  of dep th .  The ca rhohydra t e s  do not 
appea r  t o  he  major components which i s  i n  agreement wi th  t h e  r e s u l t s  of  c h e a i c a l  
a n a l y s e s  puh l i shed  by Hatcher  ( 1 2 ) .  

o f  The Everg lades ,  F l o r i d a .  The v e g e t a t i o n  i n  t h i s  a r e a  o f  The Everg lades  i s  
a l s o  dominated hy sawgrass ,  h u t  p e r i p h y t o n  a l g a e  and o t h e r  s p e c i e s  of a l g a e  t h a t  
f o r n  mats a r e  a l s o  v e r y  common. The p e a t  a t  t h i s  s i t e  i s ,  t h e r e f o r e ,  r e c e i v i n g  
c o n t r i b u t i o n s  of o r g a n i c  m a t t e r  from m u l t i p l e  sou rces .  A 95-cm c o r e  of t h e  pea t ,  
s t u d i e d  by Rreger  zt. ( 1 3 ) ,  was s e c t i o n e d ,  and samples from s i x  s t r a t i  r aph ic  
u n i t s  were t r e a t e d  t o  r ecove r  t’le humin i s o l a t e s  and t o  o b t a i n  t h e  CPMAS 83C NMR 
s p e c t r a  shown i n  Fig.  2. 

R e f e r r i n g  t o  t h e  humin i s o l a t e s  from t h e  p e a t  from The Everg lades  (F ig .  2 ) ,  
ca rbohydra t e  s i g n a l s  ( 7 2  and 106 ppm) and s i g n a l s  r e p r e s e n t a t i v e  o f  l i g n i n  (55,  
130, and  150 ppm) are major  c o n t r i b u t o r s  t o  t h e  t o t a l  i n t e n s i t y .  Other s i g n a l s ,  
however, such  a s  t h o s e  f o r  p a r a f f i n i c  ca rhons  (30  ppn) and f o r  ca rboxy l  ca rbons  
(175 ppm), a l s o  make major  c o n t r i h u t i o n s  t o  t h e  t o t a l  i n t e n s i t y .  The s i g n a l s  
a s s i g n e d  t o  ca rbohydra t e  ca rhons  d i m i n i s h  i n  r e l a t i v e  i n t e n s i t y  wi th  i n c r e a s i n g  
d e p t h  i n  t h e  c o r e  a s  ohserved  f o r  p e a t  from Xangrove Lake, Bermuda; t h e  
i n t e n s i t i e s  o f  t h e  nonca rhohyd ta t e  peaks  i n c r e a s e  as t h o s e  f o r  t h e  Carbohydra tes  
dec rease .  T h i s  o b s e r v a t i o n  pLobably r e f l e c t s  t h e  l o s s  of ca rbohydra t e s  w i t h  
i n c r e a s i n g  dep th  and age  in t h e  p e a t .  Given and co-workers (14 )  r e p o r t e d  a 
similar o b s e r v a t i o n  th roughou t  The Everg lades .  S rege r  et &. (13) s t u d i e d  t h e  
same samples as used i n  t h i s  s t u d y  and  r e p o r t e d  t h a t  t h e  c o n c e n t r a t i o n s  of 
h o l o c e l l u l o s e  and c e l l u l o s e  f o l l o w  t h e  same t r e n d  as t h a t  e s t a b l i s h e d  from t h e  
Mill? s p e c t r a .  

i s  p a r t i c u l a r l y  s i g n i f i c a n t  w i t h  r e s p e c t  t o  peaks r e l a t e d  t o  l i g n i n  (55 ,  130, and 
150 ppm). 
(peak  a t  175  ppm), most l i k e l y  o r i g i n a t e s  from a s o u r c e  o t h e r  t han  l i g n i n .  

mos t ly  from v a s c u l a r  p l a n t s ,  p a r a f f i n i c  s t r u c t u r e s  such  a s  those  d e t e c t e d  by CPMAS 
I 3 C  NMR have on ly  r e c e n t l y  been  de te rmined  from p e a t  ( 1 5 ) .  
be r e l a t e d  t o  t h e  nonhydro lyzah le ,  l i g n i n - f r e e  r e s i d u e s  t h a t  have been r epor t ed  
i n  p e a t  (16). 
a l g a l  o r  m i c r o b i a l  r e s i d u e s  ( 7 ) .  

a l i p h a t i c  i n  s t r u c t u r e  than  t h e i r  t e r r e s t r i a l  c o u n t e r p a r t s  (17) .  NMR s p e c t r a  
( h o t h  I H  and I 3 C  NEIR) con f i rm t h e s e  f i n d i n g s  and f u r t h e r  demonst ra te  t h a t  t hese  
a r e  h i g h l y  branched p a r a f e i n i c  s t r u c t u r e s  (18). To i n v e s t i g a t e  t h e  fo rma t ion  of 

S p e c t r a  f o r  t h e  humin i s o l a t e s  from t h e  Mangrove Lake pea t  c l e a r l y  

The presence  

The second c o r e  w a s  c o l l e c t e d  by  Z.S. A l t s c h u l e r  i n  Conse rva t ion  Distr ic t  1 A  

It is impor t an t  t o  n o t e  t h a t  the i n t e n s i t y  of p a r a f f i n i c  ca rhons  (0-50 ppm) 

Th i s  p a r a f f i n i c  component of humin, a long  w i t h  the  ca rhoxy l  group 

Though t h e  o r i g i n  of l i g n i n - l i k e  s t r u c t u r e s  and ca rbohydra t e s  i s  known t o  he 

These s t r u c t u r e s  may 

We have p r e v i o u s l y  s u g g e s t e d  t h a t  t hey  are de r ived  from s a p r o p e l i c  

Humic s u b s t a n c e s  d e r i v e d  from a q u a t i c  v e g e t a t i o n  have been shown t o  be more 
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t h e s e  p a r a f f i n i c  macromolecules,  we examined a Ilolocene a l g a l  s ap rope l  d e p o s i t e d  
i n  i4angrove Lake, Bermuda. 
o v e r l i e s  t h e  2.2-m s e c t i o n  of p e a t  examined e a r l i e r .  The s a p r o p e l  i s  c u r r e n t l y  
be ing  depos i t ed  i n  marine waters approx ima te ly  2 m deep  a t  a ra te  of accumula t ion  
O f  0 . 3  d y r  under s t r i c t  a n a e r o b i c  c o n d i t i o n s  ( 1 2 ) .  

t h e  c o r e  ( 5  m below t h e  mar ine  water-sediment i n t e r f a c e )  are shown i n  F ig .  3 .  
The s p e c t r a  c l e a r l y  demons t r a t e  t h a t  p a r a f f i n i c  ca rbons  (0-50 ppm) are t h e  
dominant s i g n a l s  in both  t h e  s a p r o p e l  and t h e  humin. The peak i n  t h i s  r e g i o n  i s  
cen te red  a t  30 ppm. The spec t rum o f  t h e  whole s a p r o p e l  shows a d d i t i o n a l  peaks a t  
72 and 106 ppm t h a t  a r e  c h a r a c t e r i s t i c  of po lysaccha r ide  ca rbons .  The l o s s  of a 
major f r a c t i o n  of  t h e  i n t e n s i t y  of  t hese  peaks i n  t h e  humin is i n d i c a t i v e  t h a t  
t h e s e  po lysaccha r ides  have been hydro lyzed  and e x t r a c t e d  by t h e  HF/HCl t r e a t m e n t  
used t o  remove mine ra l  ma t t e r .  Aromatic c a r b o n s  (peak  a t  130 ppm) and ca rboxy l  
o r  amide ca rbons  ( p e a t  a t  175 ppm) a r e  a l s o  p r e s e n t  i n  t h e s e  a l g a l  o r  m i c r o b i a l l y  
de r ived  s u b s t a n c e s  (F ig .  3 ) .  Thus, i t  a p p e a r s  t h a t  humins from Holocene a l g a l  
s ap rope l s  a r e  composed of complex p a r a f f f n i c  s u h s t a n c e s  c o n t a i n i n g  amide and 
ca rboxy l  g roups  hu t  few a r o m a t i c  s t r u c t u r e s .  

humin i s o l a t e s  of pea t .  I t  c a n  be concluded ,  t h e n ,  t h a t  t h e  a q u a t i c  m i c r o f l o r a  
of  pea t  swamps c o n t r i b u t e  t h e s e  p a r a f f i n i c  s t r u c t u r e s  t o  t h e  humin. The 
r a m i f i c a t i o n s  of  such  a c o n c l u s i o n  a r e  e x t r e n e l y  imvor t an t  when we c o n s i d e r  t h a t  
t h e s e  s t r u c t u r e s  c o n s t i t u t e  a s i g n i f i c a n t  f r a c t i o n  of t h e  humin of pea t  as 
de termined  from t h e  NllR s p e c t r a .  I n  a11  l i k e l i h o o d ,  t h e s e  p a r a f f i n i c  components 
of a l g a l  o r  m i c r o b i a l  o r i g i n  e x i s t  a s  s e p a r a t e  components of pea t .  The r e l a t i v e  
p ropor t ions  of  p a r a f f i n i c  and l i gn in -de r ived  a romat i c  components i n  t h e  humin of  
a modern p e a t  should  provide  a q u a n t i t a t i v e  e s t i m a t e  of t h e  c o n t r i b u t i o n s  from 
a l g a l  or m i c r o b i a l  r e s i d u e s  and from v a s c u l a r  p l a n t s ,  r e s p e c t i v e l y .  

A method, demonst ra ted  i n  F i g .  4 ,  w a s  a t t empted  f o r  such  q u a n t i t a t i v e  
measurements. The spec t rum of  humin from t h e  mar ine  s a p r o p e l  of Ifangrove Lake i s  
assumed t o  he r e p r e s e n t a t t v e  of complex macromolecular p a r a f f i n i c  S t r u c t u r e s  
de r ived  from a l g a l  or m i c r o h i a l  s o u r c e s ;  t h e  spec t rum of  l i g n i n  i s  presumed t o  be 
r e p r e s e n t a t i v e  of v a s c u l a r  p l a n t  c o n t r i b u t i o n s .  The d i g i t a l  d a t a  from each  
spec t rum a t e  summed i n  v a r y i n g  p r o p o r t i o n s  t o  y i e l d  f o r  each  sumnation a spec t rum 
t h a t  r e p r e s e n t s  t h e  sum of t h e  two source  c o n t r i b u t i o n s .  F ig .  4 shows t h e  r e s u l t s  
of  summing t h e  i n d i c a t e d  amounts of  l i g n i n  and humin and comparing t h e  r e s u l t a n t  
s p e c t r a  w i t h  t h a t  of hunin  from one of t h e  Eve rg lades  p e a t  samples  (30-35 cm 
s t r a t i g r a p h i c  u n i t ) .  The s imula t ed  s p e c t r u n ,  r e p r e s e n t i n g  60% a q u a t i c  humin 
mixed w i t h  40% l i g n i n ,  is n e a t l y  i d e n t i c a l  t o  t h a t  of humin from t h e  Eve rg lades  
p e a t .  T h i s  humin, t h e r e f o r e ,  i s  probably  composed of  a p h y s i c a l  mix tu re  of  60% 
humin from a q u a t i c  s o u r c e s  and 40% from v a s c u l a r  p l a n t  sou rces .  C l e a r l y ,  
t h e s e  two major components cou ld  e x i s t  a s  a mixture .  I f  t h i s  p e a t  were e v e n t u a l l y  
t o  form c o a l ,  i t  i s  l i k e l y  t h a t  t h e s e  two phases  would undergo d i f f e r e n t i a l  and 
s e p a r a t e  c o a l i f i c a t i o n .  

T rans fo rma t ions  of  Holocene hun ins  t o  c o a l  or kerogen  

Approximately 14 m of  g e l a t i n o u s  a l g a l  s a p r o p e l  

cpN& 13C NMR s p e c t r a  of  t h e  whole s a p r o p e l  and hutiin from a marine u n i t  i n  

These p a r a f f i n i c  comDounds a r e  very  l i k e l y  s i m i l a r  t o  t h o s e  observed i n  t h e  

Vascular  p l a n t  remains have been shown, i n  t h i s  s t u d y ,  t o  y i e l d  humins whose 
chemica l  composi t ions  a r e  v a s t l y  d i f f e r e n t  from t h o s e  of  a q u a t i c  p l a n t  remains .  
The re fo re ,  t h e s e  two d i f f e r e n t  m a t e r i a l s ,  when bur i ed  a n a e r o h i c a l l y  f o r  va ry ing  
amounts of g e o l o g i c  t i m e ,  n robah ly  w i l l  y i e l d  c o a l  o r  kerogen  a l s o  having  v a s t l y  
d i f f e r e n t  s t r u c t u r a l  composi t ions .  The chemica l  compos i t ions  of  humic c o a l  and 
c o a l y  kerogen  a r e  ve ry  d i f f e r e n t  from t h o s e  of a q u a t i c  kerogen  and s a p r o p e l f c  c o a l  
(9) .  Presumably,  t h e  pr imary  d i f f e r e n c e  l i e s  i n  t h e  r e l a t i v e  a r o m a t i c i t y  of humic 
c o a l s  i n h e r i t e d  from t h e  l i g n i n  of c o n t r i h u t i n g  p l a n t  matter a t  t h e  e a r l i e s t  s t a g e s  
of  d e p o s i t i o n .  We have shown t h a t  a t  t h e  e a r l y  s t a g e  o f  s ed imen ta t ion  of swanp 
v e g e t a b l e  m a t e r i a l ,  when p l a n t  remains are b u r i e d ,  i n s o l u b l e  macromolecular humins 
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a r e  most l i k e l y  formed as mixed coaponen t s  from bo th  v a s c u l a r  and a q u a t i c  p l a n t s .  
TFlese components can  be expec ted  t o  p e r s i s t  a s  m i x t u r e s  and t o  undergo s e p a r a t e  
d i a g e n e t i c  p r o c e s s e s  a t  i n d i v i d u a l  rates (19).  

C o a l i f i c a t i o n  of  v a s c u l a r  p l a n t  r ema ins  - Because ,  a s  shown, pea t  i s  most 
l i k e l y  composed of  a t  least  two major  mixed components i n  v a r i a b l e  p r o p o r t i o n s ,  
i t  i s  not  e n t i r e l y  r e p r e s e n t a t i v e  of  pu re  v a s c u l a r  p l a n t  d e b r i s .  C o a l i f i c a t i o n  
of  v a s c u l a r  p l a n t  d e b r i s  c a n  b e s t  be s t u d i e d  by t h e  examina t ion  o f  c o a l i f i e d  l o e s  
b u r i e d  i n  s h a l e  or sands tone  where c o n t r i b u t i o n  from t h e  remains  of  a q u a t i c  
p l a n t s  h a s  been minimal.  Hatcher  e t  a l .  ( 2 0 )  have r e p o r t e d ,  based on t h e i r  s tudy  
of c o a l i f i e d  logs by CPMAS 13C N M R T t h a t  c o a l i f i c a t i o n  of  wood t o  t h e  rank  of  
b i tuminous  c o a l  proceeds  i n  t h r e e  s t a g e s .  The f i r s t  s t a g e  i n v o l v e s  h y d r o l y s i s  
and removal o f  c e l l u l o s e  and concomi tan t  c o n c e n t r a t i o n  of  t h e  l i g n i q .  The 
second s t a g e  i n v o l v e s  chemica l  a l t e r a t i o n  of l i g n i n ,  whereby methoxyl groups  and 
C3 s i d e  c h a i n s  a r e  l o s t  and t h e  l i g n i n  becomes d e p l e t e d  i n  hydrogen. C o a l i f i e d  
wood of l i g n i t e  r ank ,  a product  of such  d i a g e n e t i c  changes ,  i s  formed d i r e c t l y  
Erom t h e  l i g n i n .  The t h i r d  s t a g e  i n v o l v e s  conve r s ion  of  t h e  l i g n i t e  t o  c o a l i f i e d  
wood of subbi tuminous  and h i g h - v o l a t i l e  h i tuminous  rank  v i a  t h e  loss of oxygen- 
b e a r i n g  f u n c t i o n a l  groups .  S o l u b l e ,  oxyRen-rich humic a c i d s ,  a r e  prohably  formed 
a s  p roduc t s  of t h e s e  chemica l  changes  and a r e  mob i l i zed  and t r a n s p o r t e d  from t h e  
c o a l ,  t he reby  p rov id ing  a n  e f f e c t i v e  mechanism f o r  t h e  removal of  oxygen du r ing  
t h i s  s t a g e  of  c o a l i f i c a t i o n .  The amount of p a r a f f i n i c  s t r u c t u r e s  i n  c o a l i f i e d  
l o g s  i s  sma l l .  I n  a l l  l i k e l i h o o d ,  some p a r a f f i n i c  components can  be d e r i v e d  from 
r e s i n o u s  s u h s t a n c e s  t % a t  a r e  known t o  occur  i n  wood and from r e s i d u a l  a l i p h a t i c  
s i d e  c h a i n s  of  l i g n i n .  

C o a l i f i c a t i o n  of  a q u a t i c  p l a n t  r ema ins  - Ear l ie r ,  we demonst ra ted  t h a t  humins 
i s o l a t e d  from a l g a l  s a p r o p e l  a r e  composed o f  macromolecular p a r a f f i n i c  s t r u c t u r e s  
t h a t  c o n t a i n  ca rboxy l  and amide f u n c t i o n a l  groups .  To examine t h e  t r ans fo rma t ion  
of t h i s  a q u a t i c  humin t o  a q u a t i c  kerogen  or a l g a l  c o a l ,  CPMAS I 3 C  NMR s p e c t r a  
were ob ta ined  of samples of  kerogen  and c o a l  known t o  have been d e r i v e d  f r o q  
a q u a t i c  sou rces .  These samples  r ange  in age  from iJpper P a l e o z o i c  t o  Miocene; 
t h e i r  spectra are shown i n  F ig .  5. The samples  i n c l u d e  a Miocene s a p r o p e l i c  c o a l  
from Turow, Po land ,  kerogen  from t h e  Eocene Green R i v e t  Format ion  (Yahogany zone ) ,  
a n  Upper P a l e o z o i c  Tasmanian t a s m a n i t e  c o n s i s t i n g  main ly  of  s p o r e s  of t h e  a l g a  
Tasmani tes ,  and an  A u s t t a l i a n  t o r b a n i t e  (Upper P a l e o z o i c  hoghead c o a l ) .  

a l i p h a t t c  w i t h  a major  peak c e n t e r e d  a t  30 ppm. Th i s  peak i s  a l s o  t h e  most 
i n t e n s e  peak i n  t h e  spec t rum of  humin from Mangrove Lake a l s o  shown i n  F ig .  5. 
P a r a f f i n i c  s t r u c t u r e s  of t h e  type  de te rmined  t o  be i n  humin of Holocene sed iments  
are a p p a r e n t l y  preserved  th rough  t i m e .  E l emen ta l  d a t a  s u g g e s t  a h i g h l y  a l i p h a t i c  
s t r u c t u r e ;  a tomic  a / C  r a t i o s  of a p p r o x i m l t e l y  1.5 f o r  n e a r l y  a l l  samples sugges t  
t h a t  t h e s e  p a r a f f i n i c  s t r u c t u r e s  a r e  h i g h l y  c r o s s - l i n k e d  and similar t o  t h o s e  of 
t h e  humin from Mangrove Lake. Pub l i shed  r e p o r t s  d e a l i n g  w i t h  kerogen  from t h e  Green 
R ive r  Formation have i n d i c a t e d  t h a t  t h e  s t r u c t u r e  is t h a t  of a h i g h l y  c ros s - l inked  
p a r a f f i n i c  macromolecule ( 2 1 ) .  Young and Yen ( 2 1 )  proposed t h a t  t h e  kerogen  i s  
composed o f  fused  a l i c y c l i c  r i n g s  grouped i n  c l u s t e r s  t h a t  are jo ined  by long- 
c h a i q  polymethylene b r i d g e s .  Such a s t r u c t u r e  would have an  il/C r a t i o  of 
approx ima te ly  1.5, c o n s i s t e n t  w i th  t h e  o h s e r v a t i o n s  made i n  t h i s  p r e s e n t  s tudy .  

because  such s p e c t r a l  s i m i l a r i t i e s  r e i n f o r c e  nrguments conce rn ing  t h e  o r i g i n  and 
format ion  of a q u a t i c  kerogen  o r  a l g a l  c o a l .  
Miocene s a p r o p e l i c  c o a l  from Poland i s  n e a r l y  i d e n t i c a l  t o  t h a t  of humin from 
Mangrove Lake, Rermuda. 
amounts of c a r h o h y d r a t e / e t h e r  c a r b o n s  having  a peak a t  72 ppm and of  ca rboxy l  or 
amide carbons  a t  175  ppm. 

I 

It  is s t r i k i n g l y  a p p a r e n t  t h a t  a l l  s p e c t r a  of  a q u a t i c  kerogen  a r e  predominant ly  

The s i m i l a r i t y  between t h e  v a r i o u s  s p e c t r a  i n  F ig .  5 should  be emphasized 

In many r e s p e c t s  t h e  spec t rum o f  t he  

The o n l y  d i E f e r e n c e s  a p u e a r  t o  he  i n  t h e  r e l a t i v e  

Both of  t h e s e  f u n c t i o n a l  g roups  are thought  t o  
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d i m i n i s h  i n  c o n c e n t r a t i o n  d u r i n g  c o a l i f i c a t i o n  ( 2 ) .  
l e a d s  t o  s p e c t r a  similar t o  t h o s e  of kerogen from t h e  S reen  R ive r  Format ion ,  
Tasmanian t a sman i t e ,  and t h e  A u s t r a l i a n  t o r h a n i t e .  These d e t e r m i n a t i o n s  a r e  
C o n s i s t e n t  wi th  t h o s e  d e r i v e d  from e lemen ta l  d a t a  t h a t  i n d i c a t e  a s i g n i f i c a n t  
r e d u c t i o n  in t h e  amount of oxygen a s s o c i a t e d  w i t h  t h e s e  f u n c t i o n a l  groups .  

The NMR d a t a  c o n s i s t e n t l y  show t h a t  d i a g e n e t i c  changes  i n  t h e  samples o f  
a q u a t i c  kerogen and boehead c o a l  p r i m a r i l y  invo lve  l o s s  of  ca rbons  a s s o c i a t e d  
wi th  oxygenated f u n c t i o n a l  groups  such  t h a t ,  on ly  p a r a f f i n i c  s t r u c t u r e s .  w i th  a 
s m a l l  percentage  of a r o m a t i c  s t r u c t u r e s ,  a r e  l e f t  a s  r e s i d u e s ,  w i th  i n c r e a s i n g  
r ank  o f  t h e  coa l .  Secause  e l emen ta l  d a t a  demons t r a t e  t h a t  H / C  r a t i o s  a r e  r easonab ly  
c o n s t a n t  th roughout  t h i s  p rocess ,  t h e  h i g h l y  c r o s s - l i n k e d  p a r a f f i n i c  s t r u c t u r e s  
t h a t  a r e  formed a t  t h e  e a r l i e s t  s t a g e s  of  d e p o s i t i o n  in s a p r o p e l  remain v i r t u a l l y  
unchanged du r ing  t h i s  s t a g e  of d i a g e n e s i s .  

C o a l i f i c a t i o n  of pea t  

Continued lo s s  o f  such peaks 

E a r l i e r ,  we demonst ra ted  t h a t  modern p e a t  i s  n o s t l y  l i k e l y  composed of  t h e  
remains of  bo th  a q u a t i c  and v a s c u l a r  p l a n t s  and t h a t  t h e s e  two k inds  of  v e g e t a t i o n  
produced humic s u b s t a n c e s  whose chemica l  s t r u c t u r e s  were v a s t l y  d i f f e r e n t .  Pea t ,  
o f  mixed p l a n t  s o u r c e s ,  e v e n t u a l l y  f o r m  hedded c o a l  and  we c a n ,  t h e r e f o r e ,  expec t  
t h e  i n d i v i d u a l  p l a n t  remains t o  c o n t r i b u t e  t h e i r  c h a r a c t e r i s t i c  chemica l  components 
t o  t h e  coa l .  These components ( m a c e r a l s )  cou ld  e v t s t  a s  mix tu res  i n  much t h e  
same way a s  they e x i s t  in peat .  The r e l a t i v e  anoun t s  of  each  component w i l l  
depend on t h e  r e l a t i v e  c o n t r i b u t i o n s  of  a q u a t i c  o r  v a s c u l a r  p l a n t s .  Thus, where 
c o a l  i s  predominant ly  composed of v a s c u l a r  p l a n t  remains ,  t h e  c o a l  will be 
a humic c o a l  composed predominant ly  of  l i gn in -de r ived  a r o m a t i c  s t r u c t u r e s  and 
r e s i n o u s  p a r a f f i n i c  s t r u c t u r e s .  Where t h e  c o a l  i s  predominant ly  composed o f  
a q u a t i c  p l a n t  d e h r i s ,  t h e  c o a l  will be composed of predominant ly  p a r a f f i n i c  
s t r u c t u r e s  and will be c a l l e d  a s a p r o p e l i c  o r  a l g a l  c o a l .  Consequent ly ,  c o a l  
de r ived  from mix tu res  of a q u a t i c  and v a s c u l a r  p l a n t  r e s i d u e s  will be composed 
of a mix tu re  of a r o m a t i c  and p a r a f f i n i c  s t r u c t u r e s .  

CPMAS 13C M<R s p e c t r a  of  samples of  hedded c o a l  up t o  t h e  r ank  o f  b i tuminous  
c o a l  have heen pub l i shed  e l sewhere  ( 2 2 ) .  Some of t h e  pub l i shed  s p e c t r a  a r e  shown 
in Fig .  6 a long  wi th  similar s p e c t r a  o f  The Everg lades  p e a t  and t h e  Rrandon l i g n i t e  
( sample  ob ta ined  from Rut land  County, Vermont, n e a r  Brandon).  30 th  a romat i c  and 
p a r a f f i n i c  ca rhons  a r e  t h e  dominant coTponents of  a l l  s p e c t r a .  Oxygenated ca rbons  
a s s o c i a t e d  wi th  Eunct iona l  groups  such  as methoxyl ,  c a r b o h y d r a t e ,  a l c o h o l i c ,  
c a r h o x y l i c ,  and pheno l i c  groups  d e c r e a s e  in r e l a t i v e  abundance wi th  i n c r e a s i n g  
rank as expec ted .  However, a r o m a t i c i t y  does  no t  appea r  t o  f o l l o w  any p a t t e r n  a s  
rank  i n c r e a s e s .  A r o m a t i c i t i e s  c a l c u l a t e d  from i n t e g r a t i o n  o f  t h e  a romat i c  r e g i o n  
(100-160 ppm) of  t h e s e  s p e c t r a  (Tab le  1 )  a r e  p l o t t e d  a g a i n s t  t h e  ca rbon  c o n t e n t  a s  
t h e  rank  parameter  i n  rig. 7. Data ob ta ined  by Miknis et&. ( 2 2 )  f o r  9 samples  
o f  c o a l  a r e  p l o t t e d  in F i g .  7, which shows t h a t ,  i n  c o a l  having  a r ank  e q u a l  t o  o r  
lower than  t h a t  o f  h i g h - v o l a t i l e  b i tuminous  c o a l ,  a poor c o r r e l a t i o n  e x i s t s  hetween 
a r o m a t i c i t y  and rank. I n  p l o t t i n g  F ig .  7, t h e  peak f o r  p a r a f f i n i c  carbons  w a s  
t aken  a t  30 ppm f o r  a l l  t h e  s a a p l e s ;  as shown in Fig .  5,  t h e  major p a r a f f i n i c  peak 
occur red  a t  t h i s  v a l u e  ( 3 0  ppm) in s p e c t r a  f o r  t h e  s a p r o p e l s  and a q u a t i c a l l y  de r ived  
kerogens.  The i n c o r p o r a t i o n  o f  v a r i a b l e  pe rcen tages  o f  such  s a p r o p e l i c  s u b s t a n c e s  
i n  t h e  p e a t  p r e c u r s o r s  of c o a l  would e x p l a i n  why a r o m a t i c i t i e s  do no t  c o r r e l a t e  
w e l l  w i th  r ank ,  a s  would be expec ted  i f  i t  i s  assumed t h a t  i n c r e a s i n g  c o a l i f i c a t i o n  
l e a d s  t o  a romat ic - r ing  condensa t ion  ( 2 ) .  The r e l a t i o n s h i p  between r ank  and aroma- 
t i c i t y  up t o  t h e  r ank  o f  h i g h - v o l a t i l e  b i tuminous  c o a l ,  t h e r e f o r e ,  depends on two 
b a s i c  f a c t o r s :  1 )  t h e  pe rcen tage  of p a r a f f i n i c  component i n  t h e  p e a t ,  and 2)  t h e  
r e l a t i v e  r a t e s  o f  a r o m a t i z a t i o n .  
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NO. 

1 
2 
3 
4 
5 
6 

7 

8 

9 

- 

Tahle  1. Source ,  ca rbon  c o n t e n t ,  and carhon a r o m a t i c i t i e s  of coa l  
samples  examined by CPMAS I3C NtlR 

C(%maf) f a *  ~- Sample O r i g i n  

Brandon l i g n i t e  
North Dakota l i g n i t e t  
Wyoming subbi tuminous  C t  
Wyoming subbi tuminous  R t  
llyoaing subhi tuminous  At 
Her r in  h i g h - v o l a t i l e  C 

Her r in  h i g h - v o l a t i l e  C 

H igh-vo la t i l e  B 

High-vo la t i l e  A 

B i  tuminous t  

R i  t umi n o u s t  

Biturninoust 

a i  t urninoils + 

Brandon, V t .  63.5 
F o r t  Union Fm., N. Dak. 79.2 
Powder R ive r  Bas in ,  Idyo. 73.7 
Powder River  Bas in ,  Wyo. 74.6 
ilanna Bas in .  Wyo. 72. 7 
H e r r i n  ( N o .  6) c o a l  member, 71.9 

H e r r i n  ( N o .  5 )  c o a l  member, 77.2 
Carbondale  Format ion ,  Ill .  

Carbondale  F o r n a t i o n ,  Ill .  

member, Carhondale  Format ion ,  I l l .  
Summum (No. 4 )  c o a l  member, 79.6 
Ill. 

H a r r i s b u r g  (No. 5) Coal S l . 0  

0.52 
0.66 
9.61 
0.60 
0.65 
0. 72 

0.66 

0. 70 

0.73 

Data of  Miltnis e t  a l .  422) 
* Carbon a r o m a t i c E y T  C NMR i n t e n s i t y  of t h e  a r o m a t i c  r e g i o n / t o t a l  NMR i n t e n s i t y  

A t h i r d  p o t e n t i a l  c o n t r i b u t i o n  t o  p e a t  t h a t  c a n  l a t e r  be  i d e n t i f i e d  i n  bedded 
c o a l  i s  r e s i n  d e r i v e d  from c o n t r i b u t i n g  t r e e s .  !Je have p rev ious ly  noted t h a t  
some c o a l i f i e d  l o g s  have  r a t h e r  h igh  p a r a f f i n i c  c o n t e n t s  even  though they  have 
never been s u b j e c t e d  t o  swamplike c o n d f t t o n s  (20 ) .  P e t r o g r a p h i c  o h s e r v a t i o n s  
have i n d i c a t e d  t h e s e  l o g s  t o  c o n t a i n  unusua l ly  h igh  c o n c e n t r a t i o n s  of wood r e s i n s .  
A s  f u r t h e r  examples o f  r e s i n o u s  c o a l ,  CPYAS s p e c t r a  have heen o b t a i n e d  f o r  
a l i g n i t e  c o l l e c t e d  from t h e  Wilcox Group of  Arkansas,  f o r  c o a l  r e s i n  i s o l a t e d  
from t h e  Brunner c o a l  of New Zealand  ( c o l l e c t e d  by t h e  l a t e  J.M. Schopf and  taken 
f r o n  h i s  c o l l e c t i o n ) ,  and f o r  f o s s i l  amber. The spec t rum f o r  t h e  l i g n i t e  (F ig .  8 )  
i l l u s t r a t e s  n e a r l y  e q u a l  p r o p o r t i o n s  of p a r a f f i n i c  and a romat i c  carbons .  Xoreover,  
t h e  peaks f o r  t h e  a r o m a t i c  ca rhons  a r e  s imilar  t o  co r re spond ing  peaks f o r  o t h e r  
l i g n i t e s  (F ig .  5 ) .  The peaks f o r  t h e  p a r a f f i n i c  ca rbons  of t h e  Wilcox l i g n i t e  a r e  
a lmost  i d e n t i c a l  t o  t h o s e  €o r  t h e  r e s i n  and amber ( 2 2  and 3 7  ppm). F ig .  8 c l e a r l y  
shows t h a t  t h e  p a r a f f i n i c  ca rbons  of t h e  i J i l cox  l i g n i t e  a r e  a s s o c i a t e d  wi th  i t s  
r e s i n  con ten t .  

P a r a f f i n i c  components of  c o a l s  c a n  t h u s  have m u l t i p l e  o r i g i n s .  I n  t h e  
Vi l cox  l i g n i t e ,  r e s i n s  predominate ;  however, i n  o t h e r  c o a l s ,  such  as  t h e  Brandon 
l i g n i t e ,  a l g a l  or m i c r o b i a l  s a p r o p e l s  have probably  c o n t r t b u t e d  t o  t h e  chemica l  
s t r u c t i l r e  of  t h e  c o a l .  These s u b s t a n c e s  shou ld  no t  he  confused  a s  he ing  p a r t  of 
a hydroaromat ic  s t r u c t u r a l  complex. Ra the r ,  t h e s e  a l i p h a t i c  s u h s t a n c e s ,  s a p r o p e l i c  
o r  r e s i n o u s  i n  o r i g i n ,  r e p r e s e n t  a component o r  components of a coal which, i f  
t h e  means were a v a i l a b l e ,  c o u l d  he s e p a r a t e d  from t h e  a romat i c  components. 

CONCLUSIONS 

The fo l lowing  c o n c l u s i o n s  have been  reached  on t h e  b a s i s  of ou r  s t u d i e s :  
1) Logs t h a t  have  been c o a l i E i e d  on b u r i a l  i n  s ands tone  o r  o t h e r  sed imentary  

e n v i r o m e q t s  in t h e  absence  of  swamplike c o n d i t t o n s  normal ly  have a small amount 
of p a r a f f i n i c  ca rbons .  
have a s i g n i f i c a n t  pe rcen tage  of  p a r a f f i n i c  ca rbons .  

The p a r a f f i n i c  c a r b o n s  of bedded c o a l s  g e n e r a l l y  o r i g i n a t e  from t h e  a l g a l ,  
m i c r o b i a l ,  and p l a n k t o n i c  organisms o f  t h e  pea t - forming  swamp water. Res idues  of 
t h i s  h i o t a  a r e  i n t i m a t e l y  mtxed wi th  r e s i d u e s  o f  t h e  decomposing v a s c u l a r  p l a n t s .  

The a r o m a t i c  components of c o a l ,  a t  l e a s t  up t o  the  rank  o f  h i g h - v o l a t i l e  
b i tuminous  c o a l ,  a r e  d e r i v e d  from t h e  l i g n i n  o f  v a s c u l a r  p l a n t s .  These components 
are  s e p a r a t e  and d i s t i n c t  from r e s i n s  and a q u a t i c  p l an t -de r ived  components and ,  
i f  means were a v a i l a b l e ,  might be s e p a r a t e d .  

Only t h o s e  logs c a r r y i n g  i n h e r e n t  r e s i n o n s  m a t e r i a l  may 

2 )  

3)  
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\ 
i' 4 )  P rev ious  chemica l  s t r u c t u r e s  proposed € O K  c o a l  t h a t  are  base?  o n  o x i d a t t v e ,  

r e d u c t i v e ,  O K  o t h e r  d e g r a d a t i v e  t echn iques  a r e  i n v a l i d  i f  t h e  t e c h n i q u e s  a r e  

\ t h e  a n a l y t i c a l  p rocedures  r e p r e s e n t  f ragments  d e r i v e d  from "a c o a l  s t t u c t u r e . "  

I 

based on t h e  assumpt ion  t h a t  t h e  a romat i c  and a l i p h a t i c  p roduc t s  recovered  i n  
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Fig .  1. CPMAS 13C NMX s p e c t r a  of modern s p r u c e ,  a l i g n i n  i s o l a t e  from 
modern s p r u c e ,  and c o n i f e r o u s  woods bu r i ed  f o r  v a r i o u s  l e n g t h s  
of  t ime  i n  s ed imen t s .  A l l  s p e c t r a ,  excep t  t h a t  of modern s p r u c e ,  
a r e  reproduced  from Hatcher  &. (11). 
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Fig .  2 .  CPMAS 13C NMR s p e c t r a  of humin i s o l a t e s  from v a r i o u s  sample 
d e p t h s  i n  p e a t  from Mangrove Lake, Bermuda, and The Everg lades ,  
F l o r i d a .  
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F i g .  3. CPMAS 13C NMR s p e c t r a  of  samples  of whole s a p r o p e l  and humin from 

a d e p t h  of 5 m i n  a c o r e  of sed iments  from Mangrove Lake, Bermuda. 
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Fig .  4 .  CPMAS 13C NMR s p e c t r a  o f  humin from t h e  mar ine  s a p r o p e l  o f  Mangrove 
Lake ( A ) ,  s imula t ed  s p e c t r a  o b t a i n e d  by summation of t h e  s a p r o p e l  
and l i g n i n  s p e c t r a  i n  t h e  p r o p o r t i o n s  i n d i c a t e d  (B-D) ,  humin from 
t h e  Eve rg lades  p e a t  a t  a d e p t h  of 30-35 cm ( E ) ,  and p e r i o d a t e  l i g n i n  (F) .  
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Fig. 7. Carbon aromaticities plotted against carbon contents ( X ,  moisture 
and ash-free basis) for samples of lignite, subbituminous coal, and 
bituminous coal listed in Table 1. 
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Fig. 8. CPMAS I 3 C  NMR spectra of a coalified log f r o m  the Wilcox Group i n  
the Reynolds bauxite pit near Malvern, Arkansas, resin from coal of 
the Brunner mine near Bul le r  Gorge, New Zealand, and amber. 
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FOURIER TRANSFORM INFRARED STUDIES OF COAL STRUCTURE 

P a u l  C.  P a i n t e r  

The Pennsylvania  S t a t e  U n i v e r s i t y ,  Polymer S c i e n c e  S e c t i o n ,  
325 S t e i d l e  B u i l d i n g ,  U n i v e r s i t y  Park ,  PA 16802 

I n  t h e  1950's and 1960 's  i n f r a r e d  spec t roscopy was a wide ly  used a n a l y t i c a l  t o o l  
f o r  c h a r a c t e r i z i n g  t h e  s t r u c t u r e  of  c o a l .  I t  w a s  recognized  t h a t  t h e  i n f r a r e d  
spectrum c o n t a i n e d  i n f o r m a t i o n  concern ing  a l i p h a t i c  and aromat ic  hydrogen, hydroxyl 
groups  and c a r b o n y l s ,  t o  ment ion t h o s e  f u n c t i o n a l  groups  whose bands are most 
e a s i l y  ass igned  and measured. U n f o r t u n a t e l y ,  q u a n t i t a t i v e  measurements were 
complicated f i r s t  by t h e  o v e r l a p  of  t h e  broad bands c h a r a c t e r i s t i c  of a mul t i -  
component macromolecular system, and second by t h e  q u e s t i o n s  concern ing  measurements 
of  e x t i n c t i o n  c o e f f i c i e n t s .  These a r e  e l u s i v e  parameters  r e l a t i n g  t h e  i n t e n s i t i e s  
of s p e c i f i c  bands t o  t h e  c o n c e n t r a t i o n  of  t h e  cor responding  f u n c t i o n a l  groups.  
P a r t l y  because of t h e s e  d i f f i c u l t i e s  t h e  u s e  of  i n f r a r e d  spec t roscopy was i n  
d e c l i n e  by t h e  e a r l y  1970 's  and o t h e r  techniques  ( e . g . ,  NMR) came t o  t h e  f o r e .  

T h i s  g e n e r a l  d e c l i n e  i n  t h e  u s e  o f  i n f r a r e d  spec t roscopy has  r e c e n t l y  been reversed  
w i t h  t h e  i n t r o d u c t i o n  of F o u r i e r  t ransform i n s t r u m e n t s .  Although t h e s e  ins t ruments  
have v a r i o u s  o p t i c a l  advantages  o v e r  d i s p e r s i v e  s p e c t r o m e t e r s ,  t h e  most s i g n i f i c a n t  
advances have occured through t h e  u s e  of t h e  d e d i c a t e d  on-l ine minicomputer  t h a t  i s  
a n  i n t e g r a l  p a r t  of t h e  system. Programs capable  of a range  of manipula t ions ,  such 
as s p e c t r a l  s u b t r a c t i o n ,  b a s e l i n e  s t r a i g h t e n i n g ,  curve  r e s o l v i n g  and f a c t o r  a n a l y s i s  
can  now be r o u t i n e l y  a p p l i e d .  N a t u r a l l y ,  t h i s  t y p e  of a n a l y s i s  is not  unique t o  
FT-IR and many programs and t e c h n i q u e s  t h a t  a r e  a p p l i c a b l e  t o  c o a l  s t u d i e s  were 
developed i n  t h e  1960's f o r  u s e  w i t h  ( o f t e n  l a b o r i o u s l y  o b t a i n e d )  d i g i t i z e d  d a t a .  
These methods can now be r o u t i n e l y  and e a s i l y  a p p l i e d .  However, t h i s  i n  i t s e l f  
produces problems, s i n c e  t h e  u n c r i t i c a l  a p p l i c a t i o n  of complex programs can  r e s u l t  
i n  s e r i o u s  e r r o r .  Judgement is s t i l l  r e q u i r e d  of t h e  s p e c t r o s c o p i s t  and i n f r a r e d  
spec t roscopy remains something of  a n  a r t .  

I n  t h i s  p r e s e n t a t i o n  t h e  problems a s s o c i a t e d  w i t h  a p p l y i n g  computer methods w i l l  be 
cons idered ,  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  t h e  d e t e r m i n a t i o n  of hydrogen c o n t a i n i n g  
f u n c t i o n a l  groups .  The d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h e  de te rmina t ion  of e x t i n c t i o n  
c o e f f i c i e n t s  s t i l l  remain and t h e  methods now be ing  used,  model compounds, equat ing  
a p p r o p r i a t e  bands t o  measurements of  e l e m e n t a l  hydrogen, and c a l i b r a t i o n  us ing  
s o l u b l e  e x t r a c t s  and p r o t o n  magnet ic  resonance ,  were i n  f a c t  f i r s t  developed i n  t h e  
1960's .  Values o b t a i n e d  u s i n g  t h e  d a t a  handl ing  c a p a b i l i t i e s  of FT-IR i n s t r u m e n t s  
w i l l  b e  cons idered  and compared t o  p r e v i o u s l y  r e p o r t e d  r e s u l t s .  These parameters  
have been a p p l i e d  t o  a s e t  of  v i t r i n i t e  conce r a t e s  and t h e  d e t e r m i n a t i o n  of 
s t r u c t u r a l  parameters  by combining FT-IR and "C NMR measurements w i l l  b e  cons idered .  



IYSTRUMENTAL METHODS FOR THE 
DETERMINATION OF PAH I N  COAL AND COAL DERIVED MATERIALS 
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P i t t s b u r g h  Energy Technology Center ,  P.  0. Box 10940, P i t t s b u r g h ,  PA 15236 

I. HISTORICAL ASPECTS 

Coal is t h e  wor ld ' s  major  carbonaceous f u e l  r e source .  Ac t ive  i n v e s t i g a t i o n  
of t h e  po lycyc l i c  a romat ic  hydrocarbons (PAH) p r e s e n t  i n  c o a l  and coa l -der ived  
m a t e r i a l s  has  been conducted f o r  approximate ly  70 y e a r s  (1). During t h i s  ue r iod ,  
dozens of a n a l y t i c a l  t echn iques  have been used t o  de te rmine  PAH i n  these  a a t e r i a l s .  
This  manuscript  w i l l  b r i e f l y  rev iew some ins t rumen ta l  methods t h a t  provide  t h e  
most u s e f u l ,  r e l i a b l e ,  and d e t a i l e d  a n a l y t i c a l  i n fo rma t ion  concern ing  t h e  occurrence 
and d i s t r i b u t i o n  of PAH i n  c o a l  and coa l -der ived  materials. 

There a r e  many r easons  f o r  s tudy ing  t h e  PAH p r e s e n t  i n  coa l .  The aromat ic  
p o r t i o n  of c o a l  e x t r a c t s  i s  u s u a l l y  t h e  l a r g e s t  f r a c t i o n ,  ranging  approximately 
from 40 t o  60 weight pe rcen t  of t h e  e x t r a c t .  De ta i l ed  c h a r a c t e r i z a t i o n  of t h i s  
f r a c t i o n  i s  t h e r e f o r e  ex t remely  impor tan t  i n  he lp ing  t o  e l u c i d a t e  t h e  chemical 
c o n s t i t u t i o n  and geochemical o r i g i n s  of c o a l  and i n  improving our  unders tanding  of 
t h e  chemistry a s s o c i a t e d  w i t h  t h e  c o a l i f i c a t i o n  p rocess  t h a t  conver ted  p l a n t  
d e b r i s  t o  coa l .  I n v e s t i g a t i n g  t h e  occurrence  and d i s t r i b u t i o n  of PAH i n  c o a l  
should l ead  t o  a b e t t e r  unders tanding  of t h e i r  p o s s i b l e  h e a l t h  e f f e c t s .  Coal 
workers '  pneumoconiosis, "b lack  lung ,"  ( 2 , 3 )  can  develop  a f t e r  accumulation of 
r e s p i r a b l e  c o a l  d u s t  i n  t h e  lungs .  Engineer ing ,  as w e l l  as envi ronmenta l ,  concerns 
are t h e  main r easons  f o r  i n v e s t i g a t i n g  t h e  PAH i n  coa l -der ived  m a t e r i a l s .  The 
advent of energy s h o r t a g e s  has  focused a t t e n t i o n  on inc reased  use  of products  from 
t h e  l i q u e f a c t i o n  and g a s i f i c a t i o n  of coa l .  S ince  t h e  a romat i c  p o r t i o n  of c o a l  
l i q u e f a c t i o n  uroducts  u s u a l l y  comprises from 20 t o  60 weight pe rcen t ,  d e t a i l e d  
examination of t h i s  f r a c t i o n  h a s  rece ived  cons ide rab le  a t t e n t i o n  by both  p rocess  
development and envi ronmenta l  s c i e n t i s t s .  . 

c o a l  products  w a s  r epor t ed  by F.  Dupire and G.  Botquin from t h e  Research Labora tory  
S. A.  Carbochemique i n  Belgium ( 4 ) .  Thei r  work i s  a ha l lmark  i n  gas  chromatographic 
methods development f o r  t h e  a n a l y s i s  o f  PAH. The gas  chromatographic ins t rument  
was completely cons t ruc t ed  by t h e s e  i n v e s t i g a t o r s  and c o n s i s t e d  of a thermal 
conduc t iv i ty  d e t e c t o r ,  column oven, and i n j e c t i o n  p o r t  hea t ed  r e s i s t i v e l y  by wi re  
wrapped around t h e  f r o n t  o f  t h e  column. The g l a s s  column measured 2.5 m x 6-8 mm 
and w a s  packed w i t h  c rushed  and s i eved  (60-50 mesh) r e f r a c t o r y  b r i c k  coated w i t h  
30% by weight Dow Corning h igh  vacuum s i l i c o n e  g rease .  
performed i so the rma l ly  a t  t empera tu res  between 185'C and 295OC, depending on t h e  
b o i l i n g  p o i n t  range  of t h e  f r a c t i o n  of t h e  c o a l  tar  be ing  ana lyzed .  I d e n t i f i c a t i o n s  
were made by comparing t h e  r e t e n t i o n  c h a r a c t e r i s t i c s  of t h e  chromatographic peaks 
i n  t h e  unknown wi th  t h o s e  of s t anda rds .  Dupire and Botquin a l s o  no t i ced  t h a t  
t h e r e  w a s  a l i n e a r  r e l a t i o n s h i p  between t h e  log  o f  t h e  r e t e n t i o n  t i m e  of t h e  PAH 
and t h e i r  b o i l i n g  p o i n t s .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  w e r e  s o  promising 
t h a t  i n  t h e  y e a r s  t h a t  fo l lowed,  hundreds of i n v e s t i g a t o r s  have used gas  chromato- 
graphy f o r  PAH a n a l y s i s  of samples der ived  from c o a l  and o t h e r  products ,  and a new 
f r o n t i e r  i n  t h e  a n a l y t i c a l  chemis t ry  of PAH was opened. 

mi l e s tone  i n  a n a l y s i s  of c o a l  ca rbon iza t ion  products  ( 5 ) .  Although L i b e r t i  (6)  
w e r e  t h e  f i r s t  t o  u se  c a p i l l a r y  g a s  chromatography t o  s e p a r a t e  PAH, P i c h l e r  was 
t h e  f i r s t  t o  apply  h igh  r e s o l u t i o n  c a p i l l a r y  gas  chromatography t o  t h e  a n a l y s i s  of 

i 

During 1958, t h e  f i r s t  u s e  of g a s  chromatography f o r  t h e  a n a l y s i s  of PAH from 

The s e p a r a t i o n s  were 
I 

Helmut P i c h l e r  publ i shed  a manuscr iu t ,  t h e  c o n t e n t s  of which r ep resen t  a 
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PAH f r o m  a coa l  product .  The a romat i c  f r a c t i o n  of a c o a l  c a r b o n i z a t i o n  t a r  w a s  
analyzed by gas  chromatography employing wal l -coated open-tubular columns (WCOT) 
and packed columns. I n d i v i d u a l  c o n s t i t u e n t s  i n  t h e  mix tu res  were i d e n t i f i e d  us ing  
co-chromatography w i t h  a u t h e n t i c  r e f e r e n c e  compounds. I n  c a s e s  where r e f e r e n c e  
compounds were no t  commercially a v a i l a b l e ,  they were syn thes i zed .  The Kovats 
r e t e n t i o n  i n d i c e s  w e r e  c a l c u l a t e d  f o r  a l l  o f  t h e  i d e n t i f i e d  compounds ( 7 ) .  I n  
a d d i t i o n ,  v e r i f i c a t i o n  of t h e s e  i d e n t i f i c a t i o n s  was ob ta ined  by c o l l e c t i n g  t h e  
compounds and comparing t h e i r  u l t r a v i o l e t  (UV) s p e c t r a  w i t h  those  of s t anda rds .  
The s e p a r a t i o n  was achieved us ing  a 100 m by 0.25 mrn column coated wi th  poly- 
propyleneglycol ,  and N c a r r i e r  gas .  Although h igh  molecular  weight  PAH were no t  
p r e s e n t  i n  t h i s  d i s t i l l a t e  a romat i c  f r a c t i o n ,  v o l a t i l e  PAH, inc lud ing  naphthalene,  
methylnaphthalenes,  dimethylnaphthalenes,  and acenapthylene,  were p re sen t .  

In 1963, K.  & c h i  and K. Imuta publ ished two manuscripts  ( 8 , 9 ) ,  which were t o  
become co rne r s tones  of  o u r  knowledge of  t h e  occurrence and d i s t r i b u t i o n  of PAH i n  
c o a l .  U n t i l  t h e s e  manusc r ip t s  were pub l i shed ,  v e r y  l i t t l e  was known wi th  c e r t a i n t y  
abouf t h e  PAH con ten t  of c o a l .  
of Yubari  c o a l  and t h e  p r e p a r a t i v e  l i q u i d  chromatographic f r a c t i o n a t i o n  of t h e  
e x t r a c t .  Two c r y s t a l l i n e  s u b s t a n c e s  were i s o l a t e d  and shown t o  b e  4 , l l -d ime thy l -  
p i cene  and a dimethylchrysene.  The second manuscript  d e s c r i b e s  t h e  d e t a i l e d  
a n a l y s i s  of t h e  a romat i c  and o t h e r  f r a c t i o n s  from t h e  c o a l  e x t r a c t .  The a n a l y s i s  
of t h e  aromatic  f r a c t i o n  w a s  performed us ing  p r e p a r a t i v e  packed-column gas chromato- 
graphy,  followed by u l t r a v i o l e t  and i n f r a r e d  s p e c t r o s c o p i c  i d e n t i f i c a t i o n  of t h e  
i s o l a t e d  components. The column w a s  ope ra t ed  i s o t h e r m a l l y  a t  v a r i o u s  temperatures  
depending on t h e  f r a c t i o n  be ing  analyzed.  The g a s  chromatographic techniqEes used 
w e r e  s t a t e -o f - the -a r t  f o r  t h a t  t i m e .  Some of t h e  compounds i d e n t i f i e d  by Ouchi 
and Imuta had been p r e v i o u s l y  i d e n t i f i e d  i n  c o a l s  (10,11,12,13,14) .  However, i n  
t h i s  i n v e s t i g a t i o n  many PAH were p o s i t i v e l y  i d e n t i f i e d  f o r  t he  f i r s t  t ime,  and t h e  
fo l lowing  major conc lus ions  were drawn. 1. A c o n s i d e r a b l e  p o r t i o n  of t h e  o rgan ica l ly -  
bound oxygen i n  c o a l  is p r e s e n t  a s  f u r a n i c  s p e c i e s .  2. Phenanthrene and 
a lky lphenan th reneswere  p r e s e n t  i n  c o a l  i n  5 t o  1 0  t imes g r e a t e r  concen t r a t ions  than 
anthracene and a l k y l a n t h r a c e n e s .  
3. 

The f i r s t  manuscr ipt  d e s c r i b e s  t h e  benzene e x t r a c t i o n  

Cata-condensed PAH were common i n  coa l ,  w h i l e  peri-condensed PAH w e r e  r a r e .  

I n  an e l e g a n t  i n v e s t i g a t i o n ,  r epor t ed  i n  a s e r i e s  of pape r s  (15,1b, i1 ,18,19,20) ,  
J a ro l im  and co-workers, u s ing  v a r i o u s  chromatographic and c r y s t a l l i z a t i o n  methods, 
i s o l a t e d  o v e r  t h i r t y  compounds (some of which were PAH) from t h e  benzene e x t r a c t  
of North Bohemian brown c o a l .  The s t r u c t u r e s  of  t h e  i s o l a t e d  compounds were 
a s s igned  based on t h e  r e s u l t s  of i n f r a r e d ,  u l t r a v i o l e t ,  n u c l e a r  magnetic resonance, 
and mass s p e c t r o m e t r i c  a n a l y s e s  of t h e  pure compounds i s o l a t e d .  The PAH i d e n t i f i e d  
by these  methods a r e  l i s t e d  i n  Tab le  1. 

can be  gained by viewing t h e  h i g h  r e s o l u t i o n  gas  chromatographic p r o f i l e  i n  t h e  
a r t i c l e  by White and Lee (21).  
from such a mix tu re  f o r  NMR and o t h e r  s p e c t r o s c o p i c  measurements i s  extremely 
d i f f i c u l t .  I n  some c a s e s ,  i s o l a t i o n  of t h e  p u r e  compounds, and a n a l y s i s  by a 
v a r i e t y  of s p e c t r a l  t echn iques ,  d i d  n o t  provide s u f f i c i e n t  i n fo rma t ion  t o  p o s i t i v e l y  
i d e n t i f y  t h e  compounds. 
r e a c t i o n s  t h a t  occur  du r ing  t h e  c o a l i f i c a t i o n  process .  

A no t ion  of t h e  complexi ty  of  j u s t  t h e  a romat i c  f r a c t i o n  from a c o a l  e x t r a c t  

I s o l a t i n g  s u f f i c i e n t  amounts of  pure compounds 

The i r  i n v e s t i g a t i o n  h a s  helped to  e l u c i d a t e  t h e  chemical 

I I. CURRENT STATE-OF-THE-ART 

H. G .  Franck ( 2 2 )  h a s  e s t i m a t e d  t h e  number of compounds p r e s e n t  i n  bituminous 
Mixtures  of s i m i l a r  complexity a r e  found i n  coa l  e x t r a c t s  c o a l  t a r s  t o  b e  10,000. 

and i n  l i q u e f a c t i o n  and g a s i f i c a t i o n  p roduc t s  and by-products.  It i s ,  t h e r e f o r e ,  
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impera t ive  t h a t  p r i o r  t o  d e t a i l e d  q u a l i t a t i v e  a n a l y s i s  by GC o r  GC-MS, t h e  sample 
b e  f r a c t i o n a t e d  t o  provide  a c l ean  a romat ic  f r a c t i o n .  
f r a c t i o n s  of c o a l  e x t r a c t s  and o t h e r  coa l  products  c o n s i s t  of hundreds,  poss ib ly  
thousands,  of compounds, i t  i s  necessary  t h a t  t h e  gas  chromatographic columns used 
be  Of t h e  h ighes t  p o s s i b l e  e f f i c i e n c y ,  i n e r t n e s s ,  s e l e c t i v i t y ,  and thermal s t a b i l i t y .  
These c r i t e r i a  a r e  b e s t  met by wall-coated open-tubular (WCOT) g l a s s  or fused- 
s i l i c a  c a p i l l a r y  column gas  chromatography. A comprehensive d i scuss ion  of t h e  
e f f e c t  O f  column dimensions and s t a t i o n a r y  phase f i l m  th i ckness  on e f f i c i e n c y ,  
capac i ty ,  and e l u t i o n  tempera tures  of €'AH appears  i n  t h e  review a r t i c l e  by Lee and 
Wright (23).  

Because t h e  a romat ic  

< 

I d e n t i f i c a t i o n  of chromatographic peaks i s  b e s t  accomplished using co-chromato- 
graphy of c l ean  a romat ic  f r a c t i o n s  wi th  a u t h e n t i c  PAH s t anda rds ,  followed by mass 
s p e c t r a l  in format ion  on t h e  same chromatographic peaks t o  confirm t h e  assignments.  
Unfor tuna te ly ,  many l a b o r a t o r i e s  l a c k  the  necessary  r e f e r e n c e  s t anda rds  of PAH €or  
a n a l y s i s  of samples by co-chromatography. 
by t h e  development of t h e  PAH r e t e n t i o n  index  system (PAHRIS) ( 2 1 , 2 4 , 2 5 ) .  The 
PAHRIS i s  based on t h e  use  o f  fou r  PAH--naphthalene, phenanthrene, chrysene, and 
picene--as b racke t ing  s t anda rds  r a t h e r  than  t h e  use  of normal p a r a f f i n s  f o r  
b racke t ing .  The development of t h e  PAHRIS and i t s  a p p l i c a t i o n  t o  the  a n a l y s i s  of 
complex mixtures  of PAH i s o l a t e d  from a c o a l  l i q u e f a c t i o n  product have been previous ly  
descr ibed  (21).  The PAHRIS was developed f o r  linear-programmed-temperature, g l a s s  
c a p i l l a r y  a n a l y s i s  of PAH us ing  SE-52 a s  t h e  s t a t i o n a r y  phase and employing 
Equation 1 i n i t i a l l y  suggested by Van Den Do01 and Kratz (26 ) :  

This problem h a s  been p a r t i a l l y  solved 

1) 
L. 

Retent ion  ind ices  were c a l c u l a t e d  f o r  over 200 €'AH s t anda rd  compounds based on 
t h e i r  comparison wi th  these  s t anda rds  using the  above equa t ion .  I n  Equation 1, I 
is  t h e  r e t e n t i o n  index ,  and n r e f e r s  t o  t h e  number of r i n g s  i n  t h e  s tandard  
compound e l u t i n g  j u s t  p r i o r  t o  the  compound of i n t e r e s t .  The des igna t ions  X,  !h"., and MA.+,) a r e  t h e  measured r e t e n t i o n  t imes of t h e  compound of i n t e r e s t  and 

t h e  s tandard  a romat ic  t h a t  e l u t e s  j u s t  a f t e r  t h e  compound of i n t e r e s t ,  r e s p e c t i v e l y .  
The average 95% conf idence  limits f o r  3 t o  8 measurements f o r  each of 1 2  PAH 
ranging  from naphtha lene  t o  pery lene  were 5 0.25 index  u n i t s .  
desc r ib ing  a l l  of t h e  r e s u l t s  and exper imenta l  d e t a i l s  h a s  been published (25) .  

TWO examples from work performed r e c e n t l y  i n  our  l a b o r a t o r i e s  w i l l  s e r v e  as 
i l l u s t r a t i o n s  of t h e  c u r r e n t  s t a t e -o f - the -a r t  of PAH ana lyses  made on coa l  products  
o r  by-products. 

An example of PAH de te rmina t ions  us ing  combined GC-MS can be taken from a 
p r o j e c t  whose goa l  w a s  t o  develop an a n a l y t i c a l  method t o  measure PAH i n  workplace 
atmospheres around c o a l  l i q u e f a c t i o n  p l a n t s .  
c o l l e c t e d  on TenaxGC, e x t r a c t e d  from the s o l i d  sorbent  w i th  pentane ,  concent ra ted ,  
and analyzed. I n d i v i d u a l  PAH were i d e n t i f i e d  by f u l l  s can  mass spec t romet ry  and 
q u a n t i t a t e d  us ing  Selected-Ion-Monitoring (SLY) combined wi th  t h e  method of s t anda rd  
a d d i t i o n .  A SIM p r o f i l e  appears  i n  F igu re  1, whi l e  some of t h e  SIM peaks a r e  
i d e n t i f i e d  and q u a n t i t a t e d  i n  Table  2 .  A more complete d e s c r i p t i o n  of exper imenta l  
d e t a i l s  appears  e l sewhere  ( 2 4 ) .  Another p r o j e c t  i s  concerned wi th  comparing 
combustion product emiss ions  from s y n t h e t i c  f u e l s  and petroleum. B r i e f l y ,  a f u e l  
i s  combusted i n  a 20-hp b o i l e r ,  and o rgan ic  combustion emiss ions  a r e  c o l l e c t e d  
from t h e  exhaust duc t  us ing  a modified Jones Adsorbent Sampler. 

he  s t a n  a r  a romat ic  t h a t  e l u t e s  j u s t  p r i o r  t o  t h e  compound of i n t e r e s t  and of 

A manuscript  

B r i e f l y ,  workplace a i r  samples were 

The sample was 
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recovered from t h e  s o l i d  s o r b e n t  used i n  t h e  sampler ,  XAD-2, by methylene ch lo r ide  
e x t r a c t i o n .  The bu lk  of t h e  methylene c h l o r i d e  was removed us ing  Kaderna-Danish 
evaporat ion,  and t h e  sample was analyzed by h igh  r e s o l u t i o n  gas  chromatography and 
combined GC-MS. The h igh  r e s o l u t i o n  gas-chromatographic p r o f i l e s  of t h e  co l l ec t ed  
combustion e f f l u e n t s  from three f u e l s  appear  i n  F i g u r e  2 ,  wh i l e  t h e  numbered 
chromatographic peaks a r e  i d e n t i f i e d  i n  Table  3. A s  can be seen  from the  chromato- 
g r a p h i c  p r o f i l e s ,  t h e  combustion e f f l u e n t s  of t h e  f u e l s  a r e  d i s t i n c t l y  d i f f e r e n t ,  
a l though many of t h e  same compounds a r e  found i n  a l l  t h r e e  e f f l u e n t s .  
t h e  combustion e f f l u e n t s  from SRC-I1 and No. 2 Fuel  O i l  c o n t a i n  a s i g n i f i c a n t  
p o r t i o n  of unburned f u e l .  Complete experimental  d e t a i l s  appear  e lsewhere (27 ) .  
I n  b o t h  p r o j e c t s ,  c a p i l l a r y  columns coated wi th  SE-52 were used f o r  s e p a r a t i o n  of 
t h e  un f rac t iona ted  sample. I n  t h e  c a s e  of t h e  f i r s t  p r o j e c t ,  g l a s s  columns were 
used a s  s t a t i o n a r y  phase s u p p o r t s ,  w h i l e  i n  t h e  second case ,  f u s e d - s i l i c a  columns 
were used. The columns ranged i n  l e n g t h  from 1 5  to  30 m and had i n s i d e  diameters  
r ang ing  from 0.20 t o  0.30 mm. 

I n t e r e s t i n g l y ,  

111. TECHNIQUES ON THE HORIZON 

Over t h e  decades,  many a n a l y t i c a l  methods have been developed f o r  t h e  deter-  
minat ion of  PAH i n  c o a l  and coal-der ived m a t e r i a l s .  
t h e r e  has been a n  amazing improvement i n  e x i s t i n g  a n a l y t i c a l  techniques,  and 
r e c e n t l y  s e v e r a l  r e v o l u t i o n a r y  a n a l y t i c a l  methods and techniques f o r  q u a l i t a t i v e  
and q u a n t i t a t i v e  a n a l y s i s  of PAH have been developed. 
t h i s  manuscript  w i l l  b r i e f l y  h i g h l i g h t  some a n a l y t i c a l  methods c u r r e n t l y  under 
development that have shown g r e a t  promise i n  d i f f e r e n t i a t i n g  and, t hus ,  determining 
s p e c i f i c  i somer i c  PAH i n  c o a l  and i t s  products .  These inc lude  low-temperature 
luminescence and room-temperature phosphorimetry.  The fol lowing d e s c r i p t i o n s  a r e  
n o t  meant t o  be  exhaus t ive  t h e o r e t i c a l  d e s c r i p t i o n s  of t h e  techniques bu t  r a t h e r  
an i n t r o d u c t i o n  t o  t h e i r  a p p l i c a t i o n  f a r  t h e  a n a l y s i s  of PAH i n  c o a l  and r e l a t e d  
p roduc t s .  

E l e c t r o n i c  s p e c t r a  of PAH i n  f l u i d  media a r e  o f t e n  broad. Thus, s p e c t r a l  
o v e r l a p  of i n d i v i d u a l  PAH i s  a s e v e r e  problem i n  mix tu re  a n a l y s i s .  These problems 
a r e  p a r t i a l l y  overcome a t  low temperature  when some PAH a r e  f rozen  i n  c r y s t a l l i n e  
S h p o l ' s k i i  h o s t  s o l v e n t s  -- most o f t e n  n -pa ra f f in s .  Under t h e s e  c o n d i t i o n s ,  some 
PAH e x h i b i t  wel l - resolved s h a r p  l i n e  luminescence emission s p e c t r a .  When d i l u t e  
s o l u t i o n s  of PAH a r e  f rozen  i n  S h p o l ' s k i i  h o s t  s o l v e n t s ,  t h e  s o l u t e  molecules a r e  
sepa ra t ed  enough t o  e l i m i n a t e  o r  minimize in t e rmolecu la r  i n t e r a c t i o n  of t h e  s o l u t e  
molecules.  The PAH s o l u t e  molecules  a r e  he ld  i n  t h e  f r o z e n  n-alkane ma t r ix  i n  
o r i e n t e d  p o s i t i o n s ,  which promotes sha rp  l i n e  s p e c t r a  and enhances r e s o l u t i o n  of 
f i n e  s t r u c t u r e ,  t he reby  reducing s p e c t r a l  ove r l ap  between PAH p r e s e n t  a s  mixtures .  
Th i s  is t h e  S h p o l ' s k i i  e f f e c t  (28,29,30). S p e c t r a l  d e f i n i t i o n  i s  a f u n c t i o n  of 
how w e l l  t h e  molecular  dimensions of t h e  S h p o l ' s k i i  h o s t  so lven t  (n-alkane) f i t  
t h e  dimensions of t h e  s o l u t e  (PAH). 

Seve ra l  v a r i a t i o n s  of t h e  u s e  of t h e  S h p o l ' s k i i  e f f e c t  have been developed t o  
c h a r a c t e r i z e  PAH i n  c o a l  e x t r a c t s ,  c o a l  maceral  e x t r a c t s ,  and coal-der ived m a t e r i a l s .  
The v a r i a t i o n s  p r i m a r i l y  e x i s t  i n  t h e  e x c i t a t i o n  source  used,  i n  t h e  h o s t  s o l v e n t ,  
and i n  whether o r  no t  t h e  sample w a s  s epa ra t ed  t o  y i e l d  an a romat i c  f r a c t i o n  p r i o r  
t o  a n a l y s i s .  

The most impressive example, t o  d a t e ,  of  t h e  p o t e n t i a l  a n a l y t i c a l  power of 
S h p o l ' s k i i  spec t romet ry  t o  ana lyze  ?AH i n  coal-der ived m a t e r i a l s  has  been publ ished 
by Yang and co-workers (31) .  This group has  used l a se r - exc i t ed  S h p o l ' s k i i  spec t ro -  
metry (LESS) employing tunab le  dye l a s e r s  t o  s e l e c t i v e l y  e x c i t e  t h e  sample. No 
p resepa ra t eon  of t h e  sample w a s  performed. A 0 .1  gram sample of an SRC-I1 coa l  
l i q u e f a c t i o n  product  was a p p r o p r i a t e l y  d i l u t e d  wi th  p u r i f i e d  n-octane,  and t h e  
luminescence s p e c t r a  were recorded a t  15'K. The technique can a l s o  be used t o  
o b t a i n  q u a n t i t a t i v e  d a t a  on i n d i v i d u a l  PAH p r e s e n t  i n  coal-der ived m a t e r i a l s .  

I n  t h e  last twenty y e a r s ,  

The remaining p o r t i o n  of 
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Room tempera ture  phosphorimetry (RTP) i s  ano the r  r e l a t i v e l y  new a n a l y t i c a l  
t echn ique  t h a t  i s  showing promise of be ing  a b l e  t o  ana lyze  complex mixtures  of 
coa l -der ived  m a t e r i a l s  f o r  s p e c i f i c  PAH. 
Vo-Dinh and coworkers f o r  a n a l y s i s  of PAH i n  c o a l  p roduc t s  (32,33,34). 
metry has  convent iona l ly  been conducted a t  c ryogenic  tempera tures  so  t h a t  c o l l i s i o n a l  

Same e f f e c t  can b e  achieved  a t  room tempera ture  by adso rp t ion  of t h e  sample onto  a 
suppor t .  

A major l i m i t a t i o n  of RTP f o r  t h e  a n a l y s e s  of multicomponent PAH mix tu res  has  
been t h e  occurrence  of major i n t e r f e r e n c e s  due t o  ove r l ap  of o t h e r  phosphorescent 
compounds i n  the  sample. 
n a t u r e .  Thus, t h e  s e l e c t i v i t y  of conven t iona l  RTP is poor wi th  resDect t o  any 
s i n g l e  PAH. 
by us ing  synchronous e x c i t a t i o n ,  which employs t h e  s p e c i f i c i t y  of energy d i f f e r e n c e s ,  
AST, between t h e  phosphorescence emiss ion  band (T1 + S ) and abso rp t ion  bands (S 
o r  S + S ) ( 3 4 ) .  Analys i s  of a c o a l  l i q u e f a c t i o n  pro8uct  f o r  a s p e c i f i c  PAH is 
t h e  %id ?est. 
c rude  e x t r a c t  of a c o a l  l i q u e f a c t i o n  product .  
achievement and i n d i c a t e s  t h a t  synchronous RTP could  become a v a l u a b l e  a n a l y t i c a l  
t echnique  f o r  a n a l y s i s  of c o a l  p roduc t s  f o r  s e l e c t  PAH. I t  should  be  noted t h a t  
synchronous RTP has  r e c e n t l y  been used t o  t e n t a t i v e l y  i d e n t i f y  and q u a n t i t a t e  
pyrene  and o the r  PAH i n  c o a l  l i q u e f a c t i o n  products .  

I n  t h e  l a s t  twenty yea r s ,  s i g n i f i c a n t  a n a l y t i c a l  developments have been made 
for  t h e  a n a l y s i s  of complex mix tu res  of PAH from c o a l  and i t s  p roduc t s ,  and t h e  next  
twenty y e a r s  w i l l  produce even f u r t h e r  advances.  The b i g g e s t  advance has  come i n  
t h e  development and a p p l i c a t i o n  of l a s e r - e x c i t e d  S h p o l ' s k i i  spec t romet ry  (LESS) 
(31). 
products  w i l l  i n c r e a s e  d rama t i ca l ly ,  r i v a l i n g  and p o s s i b l y  supp lan t ing  t h e  u s e  of 
GC-MS f o r  PAH a n a l y s i s .  

The technique  i s  be ing  developed by T. 
Phosphori-  

, t r i p l e t  quenching can  b e  minimized wh i l e  t h e  sample i s  i n  a r i g i d  ma t r ix .  Th i s  

\ 

The RTP s p e c t r a  of PAH are  u s u a l l y  of a broad s t r u c t u r e l e s s  

Never the less ,  t h e  s e l e c t i v i t y  of RTP f o r  i n d i v i d u a l  DAH can  be  improved 

1 * so 

The synchronous RTP spectrum of pyrene w a s  ob ta ined  on  an  unseparated 
Th i s  i s  c e r t a i n l y  a n  imuress ive  

I n  t h e  f u t u r e ,  t h e  use  of LESS f o r  a n a l y s i s  of PAH from c o a l  and o t h e r  
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Toble 1.-Some aromatic compounds isoloted from Bohemion brown cool. 

Compound Formula Structure 

octahydro - 2 , 2 , 4 a , 9 -  
\ ’ tetromethylpicene 

tetrahydro - 1,2,9 - 
trirnethylpicene 

tetrahydro- 2,2,9 - 
trimethylpicene 

4 1,2,9- trimethylpicene 

I 

, 
23,25 - bisnormethyl - 2 - 
desoxyallobetul- 1,3,5 - tr iene* C28H400 

23,24,25,26,27-pentanormethyl- 
6 2-desoxyaIlobetuI - 1,3,5,7,9,11,13 - 

heptaene * ‘26 28O 

c25 H24 

C25H.20 

* Although the naming system used for these compounds is obscure , these 
are the names used by Jarolim and co-workers. 

10-8-80 L-17894 
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1. 

2. 

3. 
4. 
5 .  

6. 
7. 

8. 

9. 

10. 
11. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

19. 

20. 
21. 

TABLE 2. CONCENTRATION OF PAH IN A WORKPLACE ATMOSPHERE 
FROM A COAL LIQUEFACTION PLANT. 

Compound 

Naphthalene 

2-Methylnaphthalene 

1-Methylnaphthalene 

2-Ethylnaphthalene 

2,6- and/or 2,7-Dimethylnaphthalene 

1,3- and/or 1,7-Dimethylnaphthalene 

Acenaphthene 

Fluorene 

Phenanthrene 

PPB 

3.5 

3.2 

0.3 

0.4 

0.5 

0.06 

0.06 
0.04 

- 

0.08 

TABLE 3 .  SUMMARY OF GC-MS DATA OBTAINED FROM SYNFUEL COMBUSTION 
EMISSIONS COLLECTED ON XAD-2. 

Naphthalene 

2-Methylnaphthalene 

1-Methylnaphthalene 

Biphenyl 
2-Ethylnaphthalene 

2,6- and/or 2,7-Dimethylnaphthalene 

1,3- and/or 1,7-Dimethylnaphthalene 

1,6-Dimethylnaphthalene 

1,5-Dimethylnaphthalene 

Acenaphthylene 

1,2-Dimethylnaphthalene 

Acenaphthene 

Dibenzof uran 

Fluorene 

9-Methylfluorene 

2-Methylfluorene 

1-Methylfluorene 
9-Fluorenone 

Dibenzothiophene 

Phenanthrene 

Anthracene 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 
41. 

Carbazole 

1-Phenylnaphthalene 

3-Methylphenanthrene 

2-Methylphenanthrene 

4H-Cyclopento(def)phenanthrene 

9- and/or 4-Methylphenanthrene 

1-Methylphenanthrene 

2-Phenylnaphthalene 

Fluoranthene 

Benz(e)acenaphthalene 

Benzo(def)dibenzothiophene 

Pyrene 

Retene 

Benzo (b) fluorene 

4-Methylpyrene 

2-Ffethylpyrene 

Benzo(ghi)fluoranthene 

Benzo(a)anthracene 

Chrysene and/or Triphenylene 

n-Alkanes 
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T I  

154 

I56 

I 

142 

I28 

IO 

GC ' - MS SEL ZC TED TON MON/ TORING 
OF PAH COLL€CT€D FROM AIR 

B I P H E N Y L  
ACENAPHTHENE 

I ,5 -D IMETHYL 
C2- NAPHTHALENES 

I ,2 -D IMETHYL 

2 - M E T H Y L N A P H T H A L E N E  

rl- M E T H Y L N A P H T H A L E N E  

N A P H T H A L E N E  

15 20 
TIME 

Figure 1 - Selected ion chromatograms at m/e values of 154, 156, 142, 
and 128 obtained on a workplace air sample collected in a 
coal liquefaction plant. Quantitative information on some 
compounds appears in Table 2. 
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20 

S R C - I I  
COMBUSTION EFFLUENT 

CqO 

111 BIOMASS 
COMBUSTION EFFLUENT 

NO 2 FUEL OIL 
COMBUSTION EFFLUENT 

20 

I:' 

l I ' ~ 1 ~ ~ 1 1 ~ 1 1 1 1 1 1 1 ' 1 I  

30 30 78 I26 I74 222 270 314 
TEMPERATURE, OC 

L I  I I I I I J ,  
0 3  15 27 39 51 63 75 

TIME, minutes 

Figure 2 - Gas chromatographic profiles of combustion effluents from 
SRC-11 ,  biomass, and petroleum No. 2. Separations were 
achieved using a 19 m x 0.30 mm SE-52 fused-silica column, 
with splitless injection, He carrier gas, and appropriate 
temperature programming. Numbered chromatographic peaks 
are identified in Table 3. 



STATUS OF COAL LIQUEFACTION I N  THE UNITED STATES* 

Royes Salmon, H. D. Cochran, Jr., and L. E. McNeese 

Oak Ridge N a t i o n a l  Labora tory  
Oak Ridge, Tennessee 37830 

1. INTRODUCTION 

A previous paper (1)  gave a b r i e f  overview of the  s t a t u s  of c o a l  l i q u e f a c t i o n  i n  
t h e  U.S. as of February 1979. S ince  then ,  a number of s i g n i f j c a n t  changes have 
taken  place.  World o i l  p r i c e s  have doubled,  most of t h e  i n c r e a s e  occurr ing  i n  
1979-1980, but  the  v i a b i l i t y  of commercial l i q u e f a c t i o n  v e n t u r e s  s t i l l  appears  t o  
depend on some form of governqent  suppor t .  The 1980 Energy S e c u r i t y  A c t  proposed 
ambi t ious  goa ls  f o r  s y n t h e t i c  f u e l s  product ion  and e s t a b l i s h e d  the  United States 
S y n t h e t i c  Fuels  Corpora t ion  (SFC) t o  h e l p  i n  t h e  f i n a n c i n g  of p r i v a t e - s e c t o r  ven- 
t u r e s  to  meet these  goa ls .  However, as a r e s u l t  of h i g h e r  p r i c e s  and a worldwide 
r e c e s s i o n  i n  economic a c t i v i t y ,  a marked s o f t e n i n g  i n  t h e  o i l  market  occur red ,  and 
w i t h  t h e  change i n  U.S. a d m i n i s t r a t i o n  i n  1981, Federal ly-funded r e s e a r c h  and develop- 
ment e f f o r t s  have been reduced and r e d i r e c t e d ,  p l a c i n g  g r e a t e r  r e s p o n s i b i l i t y  f o r  
short-range development and commerc ia l iza t ion  on the  p r i v a t e  s e c t o r .  Two l a r g e  
l i q u e f a c t i o n  p i l o t  p l a n t s ,  the  H-Coal p l a n t  a t  C a t l e t t s b u r g ,  Kentucky and the EDS 
p l a n t  at Raytown, Texas, have been p laced  i n  s e r v i c e  and have accumulated con- 
s i d e r a h l e  o p e r a t i n g  exper ience .  A number of proposed commercial p r o j e c t s  have 
a p p l i e d  t o  the  SFC f o r  f i n a n c i a l  a s s i s t a n c e ,  and p r e l i m i n a r y  s e l e c t i o n  of p r o j e c t s  
f o r  f u r t h e r  c o n s i d e r a t i o n  has  taken p lace .  

I 

I 

In the  succeeding s e c t i o n s ,  these  developments are d iscussed  i n  g r e a t e r  d e t a i l .  

2. COAL LIQUEFACTION PROCESSES 

2.1 C l a s s i f i c a t i o n  of Processes  

For  purposes  of d i s c u s s i o n ,  we d i v i d e  c o a l  l i q u e f a c t i o n  processes  i n t o  four  
c a t e g o r i e s .  These are (1) i n d i r e c t  l i q u e f a c t i o n ,  such as Fischer-Tropsch and metha- 
n o l  s y n t h e s i s ,  i n  which c o a l  is f i r s t  g a s i f i e d  t o  produce a s y n t h e s i s  gas  which is 
t h e n  recombined t o  produce l i q u i d s ;  ( 2 )  d i r e c t  l i q u e f a c t i o n  processes ,  t y p i f i e d  by 
SRC-I and 11, H-Coal, and Exxon Donor Solvent  (EDS), i n  which a s l u r r y  of c o a l  and 
s o l v e n t  is s u b j e c t e d  to  high s e v e r i t y  l i q u e f a c t i o n  c o n d i t i o n s ,  e i t h e r  wi th  o r  
w i t h o u t  added c a t a l y s t ;  (3)  two-stage l i q u e f a c t i o n ,  such as Conoco's CSF process ,  i n  
which an i n i t i a l  d i s s o l u t i o n  a t  mi ld  c o n d i t i o n s  is fol lowed by a more severe  c a t a l y -  
t i c  hydrogenat ion-hydrocracking s t e p ;  o r  the  s h o r t  c o n t a c t  t i m e  two-stage l i q u e f a c -  
t i o n  processes  be ing  developed c u r r e n t l y  by DOE/FE and EPRI; and (4)  p y r o l y s i s  and 
h y d r o p y r o l y s i s  processes ,  such as COED and Cities Service-Rockwell, i n  which c o a l  i s  
carbonized  t o  produce l i q u i d s ,  gases ,  and char .  The o r d e r  i n  which we have l i s t e d  
t h e s e  c a t e g o r i e s  and processes  is n o t  meant t o  imply any t e c h n o l o g i c a l  o r  economic 
preference .  

I n  our  ear l ier  paper  we inc luded  s i m p l i f i e d  f low diagrams and b r i e f  descr ip-  
t i o n s  of var ious  processes .  In t h i s  paper ,  because of space and t i m e  l i m i t a t i o n s ,  
we  w i l l  proceed d i r e c t l y  t o  the s t a t u s  of development of some of the major 
processes .  

*Research sponsored by t h e  F o s s i l  Energy O f f i c e ,  U.S. Department of Energy, under 
- 

c o n t r a c t  W-7405-eng-26 wi th  the Union Carbide Corpora t ion .  
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2.2 S t a t u s  of Development 

2.2.1 I n d i r e c t  l i q u e f a c t i o n  

Commercially a v a i l a b l e  technology exis ts  f o r  s e v e r a l  i n d i r e c t  l i q u e f a c t i o n  
c o n f i g u r a t i o n s ,  and s e v e r a l  v a r i a n t s  of t h i s  technology a r e  being cons idered  as 
commercial v e n t u r e s  wi th  suppor t  r e q u e s t e d  from the  S y n t h e t i c  F u e l s  Corporat ion.  

The major  contenders  i n  i n d i r e c t  l i q u e f a c t i o n  are Fischer-Tropsch,  methanol ,  
and Mobil KTG. Major i n t e r e s t  c e n t e r s  around t h e  development of g a s i f i e r s  and 
a p p l i c a t i o n  of n e w  r e a c t o r  concepts .  Among the  l a t t e r  are the Kolbel-type s l u r r y  
phase s y n t h e s i s  r e a c t o r  and the Lurg i  t u b u l a r  r e a c t o r  ( a l r e a d y  commercial) i n  which 
a c o o l a n t  such as  b o i l i n g  water o r  mol ten  salt c i r c u l a t e s  around c a t a l y s t - f i l l e d  
tubes .  (2)  

The Lurgi  g a s i f i e r  has  a proven commercial record  f o r  process ing  low rank 
c o a l s ,  and recent  t e s t s  i n  South Africa proved the commercial Mark I V  g a s i f i e r  can 
process  caking bituminous c o a l s ,  a l b e i t  w i t h  reduced throughput  and i n c r e a s e d  oxygen 
and steam requirements .  The Koppers-Totzek g a s i f i e r  is commercially a v a i l a b l e  f o r  
process ing  v i r t u a l l y  a l l  c o a l s .  G a s i f i e r s  under development inc lude  the  Texaco w e t  
s l u r r y  feed,  the S h e l l  d ry  f e e d ,  the  Westinghouse f l u i d i z e d  bed, t h e  B r i t i s h  Gas 
Corpora t ion  s l a g g i n g  Lurgi ,  the  I(Bw, and t h e  S a a r b e r g - O t t o  molten s l a g  b a t h  type. 
The Texaco g a s i f i e r  has k e n  demonstrated a t  a scale of 150 TPD a t  Oberhausen- 
Hol ten ,  FRG, and has  been i n s t a l l e d  a t  a 200-TPD scale a t  TVA's  coal-to-ammonia 
f a c i l i t y  a t  Muscle Shoals ,  Alabama. Dow i s  o p e r a t i n g  p i l o t - s c a l e  Texaco g a s i f i e r s  
i n  Freepor t ,  TX, and Plaquemine, LA w i t h  l i g n i t e  feed ,  and Tennessee Eastman has a 
commercial-scale Texaco g a s i f i e r  under  c o n s t r u c t i o n  i n  Kingspor t ,  TN, t o  process  
bi tuminous c o a l .  A 1000-TPD g a s i f i e r  i s  planned a t  the  Cool Water combined cyc le  
f a c i l i t y  near Barstow, C a l i f o r n i a .  The S h e l l  d ry  c o a l  feed  en t ra ined- f low g a s i f i e r  
h a s  been demonstrated i n  a 150-TPD p i l o t  p l a n t  a t  Harberg,  FRG and p lans  are under 
c o n s i d e r a t i o n  f o r  a 1000 TPD u n i t  in n o r t h e r n  Germany. A Westinghouse f lu id ized-bed  
g a s i f i e r  is being i n s t a l l e d  a t  the S a s o l  p l a n t  f o r  t e s t i n g ,  and Westinghouse and 
S a s o l  have r e c e n t l y  announced t h e i r  i n t e n t i o n  t o  demonst ra te  and l i c e n s e  t h i s  
concept .  The B r i t i s h  Gas Corpora t ion  s l a g g i n g  L u r g i  has  been d e c l a r e d  ready f o r  
commercial use and is being o f f e r e d  by BGC wi th  commercial guarantees .  BGC has  
announced a d e c i s i o n  t o  c o n s t r u c t  and t e s t  a l a r g e r  d iameter  u n i t  a t  W e s t f i e l d .  The 
Koppers-Totzek g a s i f i e r  is being  combined wi th  a B&W water-wal l  steam g e n e r a t o r  f o r  
improved recovery of high p r e s s u r e  steam; t h e  concept  i s  o f f e r e d  by KBW. A 130-TPD 
Saarberg-Otto g a s i f i e r  is  c u r r e n t l y  be ing  t e s t e d  a t  Furstenhausen,  FRG. 

A major event  in  i n d i r e c t  l i q u e f a c t i o n  technology was the commissioning in 1980 
of t h e  SASOL-I1 p l a n t  i n  South Africa. T h i s  Fischer-Tropsch p l a n t  u s e s  36 Lurgi  
Mark I V  dry-ash g a s i f i e r s ,  of which 6 a r e  s p a r e s ,  t o  g a s i f y  about 28,000 tons  of 
c o a l  per day. T o t a l  c o a l  feed  rate t o  the f a c i l i t y  is about  40,000 TPD; about  
12,000 TPD goes t o  the b o i l e r  p l a n t .  SASOL-111, which w i l l  be completed i n  1982, is  
e s s e n t i a l l y  a d u p l i c a t e  of SASOL-11. The two f a c i l i t i e s  t o g e t h e r  w i l l  c o s t  about  $7 
b i l l i o n  and w i l l  produce about  120,000 bbl /day of l i q u i d  f u e l s .  

The fixed-bed v e r s i o n  of Mobil ' s  methanol- to-gasol ine (MTG) process  is  sche- 
du led  f o r  commerc ia l iza t ion  i n  a 13,000 bbl /day ( g a s o l i n e )  p l a n t  i n  New Zealand. 
Feeds tock  f o r  the methanol p l a n t  w i l l  be n a t u r a l  gas  from the Maui f i e l d .  
f lu id ized-bed  vers ion  w i l l  be t e s t e d  i n  a p i l o t  p l a n t  which i s  under c o n s t r u c t i o n  i n  
Germany. 

The 
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2 . 2 . 2  Direct l i q u e f a c t i o n  

The s ingle-s tage  v e r s i o n  of the SRC-I process  has  been opera ted  i n  a 6-TPD 
p i l o t  p l a n t  a t  W i l s o n v i l l e ,  Alabama, and i n  a 50-TPD p i l o t  p l a n t  a t  F o r t  Lewis, 
Washington. The F o r t  L e w i s  p l a n t  has  a l s o  opera ted  i n  t h e  SRC-I1 mode, i n  which 
c a s e  i t s  throughput is reduced t o  about  30 TPD. The F o r t  Lewis p l a n t ,  which was t h e  
l a r g e s t  o p e r a t i o n a l  c o a l  l i q u e f a c t i o n  p l a n t  i n  the  U . S .  i n  1979, has  now s h u t  down- 

Design, planning,  and exper imenta l  s t u d i e s  are c o n t i n u i n g  f o r  the  6,000 ton/day 
two-stage SRC-I demonst ra t ion  p l a n t  a t  Newman, Kentucky. Under the  cos t - shar ing  
agreement reached i n  1980, funding  f o r  the  c o n s t r u c t i o n  and o p e r a t i o n  of the  p l a n t  
W i l l  be l a r g e l y  by DOE, wi th  I n t e r n a t i o n a l  Coal Ref in ing  Corpora t ion  supply ing  $90 
m i l l i o n  and the s ta te  of Kentucky supply ing  $30 m i l l i o n .  The t o t a l  net c o s t  of the  
p r o j e c t  ( inc luding  des ign ,  c o n s t r u c t i o n ,  and o p e r a t i o n )  has  been e s t i m a t e d  a t  $1.77 
b i l l i o n ,  based on the d i f f e r e n c e  between p r o j e c t e d  e x p e n d i t u r e s  of $4.57 b i l l i o n  and 
p r o j e c t e d  revenues of $2 .8  b i l l i o n .  

The SRC-I process  concept  has undergone some m o d i f i c a t i o n  s i n c e  1979. I n  the 
c u r r e n t  vers ion  of the  process ,  a second s t a g e  has  been added t o  conver t  the  heavy 
f i r s t - s t a g e  product i n t o  l i g h t e r  m a t e r i a l s  by c a t a l y t i c  hydrocracking  i n  an 
expanded-bed r e a c t o r .  The use of f i l t r a t i o n  f o r  s o l i d - l i q u i d  s e p a r a t i o n  is no 
longer  contemplated and has  been rep laced  by Kerr-McGee c r i t i c a l  s o l v e n t  deashing.  
The d a t a  base f o r  the la t ter  process  has  been c o n s i d e r a b l y  s t rengthened .  

P r e s e n t l y  a v a i l a b l e  funding  from DOE f o r  the  SRC-I demonst ra t ion  p l a n t  is suf-  
f i c i e n t  t o  complete t h e  d e s i g n  and c o s t  e s t i m a t e  f o r  e s t a b l i s h i n g  the  p r o j e c t  
b a s e l i n e ;  I n t e r n a t i o n a l  Coal Ref in ing  Company ( I C R C )  p l a n s  to  d e l i v e r  b a s e l i n e  docu- 
menta t ion  a t  the end of March 1982. A d d i t i o n a l  ME funding  t o  suppor t  the  demon- 
s t r a t i o n  p l a n t  p r o j e c t  is p r e s e n t l y  cons idered  t o  be u n l i k e l y .  ICRC is e v a l u a t i n g  
t h e  p o s s i b i l i t y  of s u b m i t t i n g  a proposa l  t o  the  SFC d u r i n g  the c u r r e n t  second round 
s o l i c i t a t i o n ,  but no d e c i s i o n  on t h i s  has  been announced. C o n s t r u c t i o n  of t h e  pro- 
ject is u n l i k e l y  t o  proceed wi thout  some form of government a s s i s t a n c e .  

The SRC-I1 demonst ra t ion  p l a n t  p r o j e c t  has been d i s c o n t i n u e d  and t h e r e  are no DOE 
p l a n s  f o r  f u r t h e r  development of t h e  process .  The d e c i s i o n  to  halt work on the  p r o j e c t  
w a s  reached in mid-1981 f o l l o w i n g  d i s c u s s i o n s  i n  Bonn among r e p r e s e n t a t i v e s  of DOE, 
Japan ,  and FRG. P r o j e c t e d  c o s t  i n c r e a s e s  appeared t o  be t h e  major  p o i n t  of concern.  

Opera t ion  of the 11-Coal and Exxon Donor Solvent  p i l o t  p l a n t s  w i l l  be d i s c u s s e d  
i n  a subsequent  s e c t i o n  of t h i s  paper. 

2 . 2 . 3  Two-stage l i q u e f a c t i o n  

Some i n t e r e s t i n g  developments i n  two-stage d i r e c t  l i q u e f a c t i o n  have occurred.  
Both WE and EPRI are s u p p o r t i n g  a c t i v e  bench-scale and PnU development of two-stage 
l i q u e f a c t i o n  concepts .  The W i l s o n v i l l e  f a c i l i t y  has  been s u c c e s s f u l l y  opera ted  w i t h  
a second s t a g e  H - O i l  hydrocracker  and wi th  reduced d i s s o l v e r  s e v e r i t y .  A s  mentioned 
ear l ie r ,  the  SRC-I demonst ra t ion  p l a n t  concept  has  been modi f ied  t o  inc lude  
expanded-bed c a t a l y t i c  hydrocracking  of the e x t r a c t .  T h i s  i n  e f f e c t  changes the  
o r i g i n a l  SRC-I concept  t o  a two-stage process .  The LC-Fining process  (C-E Lummus 
and Ci t ies  S e r v i c e )  has  been a p r i n c i p a l  candida te  f o r  use as  t h e  second-stage 
hydrocracker .  Process  development d a t a  f o r  t h i s  process  combinat ion have been 
obta ined  under TX)E sponsorsh ip .  ( 3 )  
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2.2.4 P y r o l y s i s  p r o c e s s e s  

I n t e r e s t  i n  the  development of p y r o l y s i s  and hydropyrolys is  processes  appears  
t o  be cont inuing  a t  a r e l a t i v e l y  low l e v e l  i n  comparison wi th  d i r e c t  and i n d i r e c t  
l i q u e f a c t i o n .  DOE funding  of pyro lys i s -hydropyrolys is  development has  been g r e a t l y  
c u r t a i l e d .  The C i t i e s  Service-Rockwell  s h o r t  r e s i d e n c e  time hydropyrolys is  develop- 
ment u n i t  is c u r r e n t l y  i n a c t i v e .  

However, commercial-scale a p p l i c a t i o n  of low-pressure p y r o l y s i s  is being a c t i -  
v e l y  i n v e s t i g a t e d  by Utah Power and L i g h t  Company.(4) I n  t h e i r  concept ,  the  car-  
boniza t ion  tars and o i l s  would be upgraded t o  d i s t i l l a t e  products ,  while r e s i d u a l  
tar  would be burned a long  w i t h  the  c h a r  f o r  power g e n e r a t i o n .  UP and L is pursuing 
two p o s s i b l e  c a r b o n i z a t i o n  t e c h n o l o g i e s  - L u r g i  Ruhrgas and Toscoal .  Based on 
f a v o r a b l e  economic s t u d i e s  conducted t o  d a t e ,  l a r g e  p i l o t  p l a n t  c a r b o n i z a t i o n  runs 
a r e  planned. A d e c i s i o n  as t o  whether  t o  proceed wi th  t h e  commercial p l a n t  (20.000 
TPD) i s  expected by 1985. 

3. PILOT PLANT OPERATING EXPERIENCE 

The H-Coal p i l o t  p l a n t  a t  C a t l e t t s b u r g  s t a r t e d  up on o i l  feed  i n  February 
1980 and went t o  c o a l  feed  i n  May 1980 us ing  Kentucky No. 11 c o a l  i n  the  syncrude 
mode. I n i t i a l  o p e r a t i o n s  were hampered by v a r i o u s  mechanical  problems, p r i n c i p a l l y  
i n c l u d i n g  f a i l u r e s  of the h igh  p r e s s u r e  s e p a r a t o r  s l u r r y  letdown va lve  and i t s  asso-  
c i a t e d  block va lves  and of the  s l u r r y  charge pump packing. The p l a n t  was s h u t  down 
i n  November 1980 f o r  maintenance and resumed o p e r a t i o n  i n  February 1981 on I l l i n o i s  
No. 6 coa l  i n  syncrude mode. A s u c c e s s f u l  run of 45 days d u r a t i o n  w a s  achieved from 
February  17 t o  A p r i l  3. P r e v i o u s l y ,  t h e  maximum cont inuous  c o a l  feeding  run time 
had been about 5 days. Coal feed  rate dur ing  the  45-day n m  was about  85% of 
d e s i g n ;  t h e  run was te rmina ted  by f a i l u r e  of a low-pressure flow c o n t r o l  valve i n  
hydroclone feed  s e r v i c e .  By May 1981 t h e  p l a n t  had logged over 1500 hours  pro- 
c e s s i n g  e a s t e r n  U.S. bituminous c o a l  a t  200 TPD.(5) Another long run on I l l i n o i s  
No. 6 coa l  was made from August 1981 to  December 1981, f e e d i n g  a t o t a l  of over 
17,000 tons of c o a l  a t  des ign  c a p a c i t y .  Opera t ions  on subbi tuminous c o a l  have s i n c e  
been i n i t i a t e d .  DOE suppor t  f o r  o p e r a t i o n  is scheduled to end i n  1982. There has  
been some d i s c u s s i o n  of p o s s i b l e  c o n t i n u a t i o n  beyond 1982 under p r i v a t e  sponsorship.  

The 250 TPD Exxon Donor Solvent  p i l o t  p l a n t  w a s  completed i n  May 1980 and 
s t a r t e d  up i n  June of t h a t  year .  Shakedown runs  and o p e r a t i o n  on bituminous coa l  
( I l l i n o i s  No. 6) were completed by J u l y  1981. The p l a n t  was then modif ied t o  
r e c y c l e  bottoms m a t e r i a l  from the  f r a c t i o n a t o r  back t o  the  r e a c t o r ,  and o p e r a t i o n  on 
sub-bituminous c o a l  (Wyodak) w a s  s t a r t e d .  These runs were completed e a r l y  i n  1982. 
The p l a n t  is c u r r e n t l y  running wi th  t h e  bottoms r e c y c l e  o p e r a t i o n  on I l l i n o i s  No. 6 
c o a l .  The bottoms r e c y c l e  o p e r a t i o n  had keen t e s t e d  previous ly  on smal le r -sca le  
equipment and has been shown t o  g i v e  an improved o v e r a l l  product  y i e l d  s t r u c t u r e ,  
c o n s i d e r a b l y  i n c r e a s i n g  the y i e l d s  of naphtha and l i g h t e r  products  while  reducing o r  
e l i m i n a t i n g  850 F+ f u e l  o i l ,  and g i v i n g  improved o p e r a b i l i t y  r e s u l t i n g  from 
decreased  v i s c o s i t y  of the r e s u l t i n g  vacuum bottoms. ( 6 )  

During e a r l y  1981 the EDS p i l o t  p l a n t  achieved a run of 36 days on stream a t  
d e s i g n  c a p a c i t y  wi th  I l l i n o i s  No. 6 bi tuminous c o a l  i n  the o r i g i n a l  once through 
c o n f i g u r a t i o n .  Fol lowing a turnaround i n  which vacuum bottoms r e c y c l e  c a p a b i l i t y  
w a s  i n s t a l l e d ,  the p l a n t  ach ieved  a run of 58 days on stream with Wyodak sub- 
bi tuminous c o a l  i n  the  bottoms r e c y c l e  c o n f i g u r a t i o n  dur ing  the per iod  
July-September 1981. 
s u s t a i n e d  mn with I l l i n o i s  No. 6 c o a l  i n  t h e  bottoms r e c y c l e  mode. 

During l a t e  1981 and e a r l y  1982 t h e  p l a n t  achieved a 
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During these  o p e r a t i o n s  most t e c h n o l o g i c a l  o b j e c t i v e s  were a t t a i n e d  and t h r e e  
S l u r r y  letdown valve and block va lve  performance des ign  Poin ts  were demonstrated.  

h a s  been s a t i s f a c t o r y .  
u n s a t i s f a c t o r y ,  bu t  s u b s t a n t i a l  improvement has been r e a l i z e d  through use of 
improved materials and des igns .  S e v e r a l  s h o r t  runs were te rmina ted  due t o  v a r i o u s  
problems i n c l u d i n g  plugging of the  vacuum bottoms r e c y c l e  l i n e ,  plugging of t h e  
heavy vacuum gas o i l  c i r c u i t ,  f a i l u r e  of purge tub ing ,  and s l u r r y  t r a n s f e r  l i n e  
e r o s i o n .  Two process  concerns have been i d e n t i f i e d  through extended o p e r a t i o n  a t  
l a r g e  sca le .  Coke d e p o s i t i o n  in the  f i r e d  s l u r r y  h e a t e r  has been high and y i e l d s  
have been d i f f e r e n t  from e x p e c t a t i o n s ,  a p p a r e n t l y  because s l u r r y  res idence  time i n  
t h e  r e a c t o r  was less than  expected.  

I n i t i a l  exper ience  wi th  packing seals on s l u r r y  pumps w a s  

4 .  PROBLEM AREAS 

4.1 General  

P i l o t  p l a n t  o p e r a t i o n s  have d i s c l o s e d  var ious  problem a r e a s .  A l l  c o a l  
l i q u e f a c t i o n  processes  p l a c e  severe  demands on c e r t a i n  c r i t i c a l  items of process  
equipment i n c l u d i n g  va lves ,  pumps, compressors ,  and h e a t  exchangers .  Recent work a t  
Morgantown Energy Technology Center  has l e d  t o  s u b s t a n t i a l  improvement i n  l o c k  
hopper valve performance, and exper ience  with the EDS and H-Coa l  p i l o t  p l a n t s  have 
evidenced s u b s t a n t i a l  improvement i n  the  performance of h igh  p r e s s u r e  letdown and 
b lock  va lves  f o r  s l u r r y  s e r v i c e .  Packing l i f e  and check-valve performance wi th  
s l u r r y  charge pumps remains less than  d e s i r a b l e ,  but  improvements i n  m a t e r i a l s  and 
des ign  have been noted.  Large compressors f o r  oxygen supply t o  g a s i f i e r s  and f o r  
hydrogen and/or s y n t h e s i s  gas  r e c y c l e  o r  compression have o f t e n  proven troublesome. 
The s u c c e s s f u l  test of a high c a p a c i t y  t h i r d  s t a g e  c a s i n g  of a DEMAG c e n t r i f u g a l  
oxygen compressor w i l l  p e r m i t  more economic and e f f i c i e n t  des igns .  Concerns with 
seals and valves  of hydrogen and s y n t h e s i s  gas  compressors  c e n t e r  p r i m a r i l y  on 
r e l i a b l e  gas  clean-up. Commercial performance appears  t o  be s a t i s f a c t o r y ,  but per- 
formance with smaller p i l o t  p l a n t s  cont inues  t o  r e f l e c t  imperfec t  p r a c t i c e .  F i r e d  
h e a t e r s  f o r  s l u r r y  s e r v i c e  and h e a t  exchangers  f o r  s l u r r y  o r  d i r t y  gas  s e r v i c e  have 
been a r e a s  of t e c h n i c a l  concern.  F i r e d  heater tests a t  F o r t  L e w i s  and Baytown have 
provided g r e a t e r  confidence i n  des ign ,  but exper ience  wi th  coking remains a s e r i o u s  
concern. D i r t y  gas  h e a t  exchangers  have not  performed uni formly  w e l l ,  but t h e  u n i t  
designed by Ruhrkohle AG f o r  t h e  Texaco g a s i f i e r  a t  Oberhausen a p p a r e n t l y  has  per- 
formed w e l l .  

\ 

The c o r r o s i v e  and a b r a s i v e  environment c h a r a c t e r i s t i c  of a l l  c o a l  l i q u e f a c t i o n  
processes  p r e s e n t s  s e v e r e  c h a l l e n g e s  to the m a t e r i a l s  of c o n s t r u c t i o n .  S a t i s f a c t o r y  
performance has g e n e r a l l y  been observed,  but  s e v e r a l  s p e c i f i c  problems have a r i s e n .  
Cons iderable  t e c h n o l o g i c a l  progress  i n  m i t i g a t i n g  t h e s e  problems has  been made. 

Concerns wi th  the  r e f r a c t o r y  l i f e  i n  en t ra ined- f low g a s i f i e r s  have been satis- 
f a c t o r i l y  addressed through r e f r a c t o r y  s e l e c t i o n ,  t h i c k n e s s ,  and/or  cool ing .  
Eros ion  problems i n  handl ing  s l u r r i e s  are g e n e r i c ;  e s p e c i a l l y  severe  e r o s i o n  has  
been noted under severe  s e r v i c e  c o n d i t i o n s ,  but  i n  each i n s t a n c e  these  problems have 
been m i t i g a t e d  by improved d e s i g n  and materials s e l e c t i o n .  

4.2 S l u r r y  Prehea t  

Economic des ign  r e q u i r e s  s l u r r y  make-up a t  the h i g h e s t  temperature  c o n s i s t e n t  
wi th  r e l i a b l e  opera t ion .  Recent  work at F t .  L e w i s  and ORNL has  i n d i c a t e d  t h a t  
mixing can be performed at tempera tures  exceeding  350°F and l i k e l y  as high as 420'F 
without  unacceptab le  v i s c o s i t y  i n c r e a s e .  Q u e s t i o n s  remain, however, regard ing  
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p o s s i b l e  problems of vapor e v o l u t i o n  a t  high mix tank tempera tures .  Design uncer- 
t a i n t i e s  a l s o  remain wi th  regard  t o  the  maximum p r a c t i c a b l e  make down r a t e  of coa l  
of a given s i z e  c o n s i s t  i n t o  a s l u r r y  of given temperature .  

To  our knowledge, none of t h e  o p e r a t i n g  U.S.  l i q u e f a c t i o n  p l a n t s  have 
demonstrated feed s l u r r y  h e a t  exchange wi th  r e a c t o r  e f f l u e n t  s t reams.  Such h e a t  
exchange may o f f e r  cos t  and e f f i c i e n c y  advantages i n  commercial p l a n t s  and is  
inc luded  i n  t h e  d e s i g n  f o r  t h e  SRC-I demonst ra t ion  p l a n t .  We unders tand  t h a t  the 
German p i l o t  p l a n t  a t  B o t t r o p  i n c l u d e s  h e a t  exchange between t h e  feed  s l u r r y  and 
t h e  condensate  from the  vapor- l iqu id  s e p a r a t o r  on the r e a c t o r  e f f l u e n t .  

The f i n a l  p r e h e a t  of s l u r r y  feed  to  the  r e a c t o r  is accomplished i n  a f i r e d  
h e a t e r ;  t e c h n i c a l  u n c e r t a i n t i e s  r e g a r d i n g  the d e s i g n  and o p e r a t i o n  of f i r e d  s l u r r y  
p r e h e a t e r s  has t e e n  recognized  as one of the g e n e r i c  t e c h n i c a l  c h a l l e n g e s  t o  d i r e c t  
l i q u e f a c t i o n .  Recent tests at F t .  Lewis provided d a t a  f o r  d e s i g n  of the  f i r e d  
s l u r r y  p r e h e a t e r s  in the  SRC-I and SRC-11 Demonstrat ion P l a n t s ;  s e r v i c e  c o n d i t i o n s  
d u r i n g  the  F t .  Lewis t e s t s  approached c o n d i t i o n s  of commercial i n t e r e s t  without  
impor tan t  problems. S i g n i f i c a n t l y ,  coke d e p o s i t i o n  ranged from l i g h t  to  moderate. 
U n c e r t a i n t i e s  remain i n  p r e d i c t i n g  the f low regime, p r e s s u r e  drop,  and i n s i d e  heat 
t r a n s f e r  c h a r a c t e r i s t i c s  of l a r g e  s c a l e  f i r e d  s l u r r y  p r e h e a t e r s .  ICRC has  proposed 
l a r g e  s c a l e  flow tests wi th  model f l u i d s ,  but  even i f  t h e s e  tests confirm predic-  
t i o n s  of c o r r e l a t i o n s ,  u n c e r t a i n t i e s  w i l l  remain u n t i l  f u l l  scale p r e h e a t e r s  have 
o p e r a t e d  with c o a l  l i q u e f a c t i o n  feed  s l u r r i e s .  

The EDS p i l o t  p l a n t  u t i l i z e s  v e r t i c a l  h a i r p i n  tubes  in the  h e a t e r  while H-Coal 
and Ft .  Lewis u t i l i z e  n e a r - h o r i z o n t a l  h e l i c a l  and/or  rounded-rectangular  tubes.  
The c o n f i g u r a t i o n  in the  Bot t rop  p l a n t  is not  known, but t h e  earlier German p l a n t s  
employed v e r t i c a l  h a i r p i n  tuhes.  

kaong the r e s u l t s  r e p o r t e d  t o  d a t e  only the  EDS u n i t  has exper ienced  s e r i o u s  
d i f f i c u l t i e s  wi th  coke d e p o s i t i o n  in t h e  f i r e d  p r e h e a t e r .  Opera t ing  c o n d i t i o n s  i n  
t h e  EDS p r e h e a t e r  have been planned to  determine the  l i m i t s  of commercial opera- 
b i l i t y ,  and, thus ,  i n  some i n s t a n c e s  have been more s e v e r e  than  i n  t h e  f i r e d  pre- 
h e a t e r s  of o t h e r  p l a n t s .  N e v e r t h e l e s s ,  t h e r e  are i n d i c a t i o n s  t h a t  coking d i f f i c u l t i e s  
may depend on s o l v e n t  p r o p e r t i e s  and o t h e r  process  parameters  and may occur even 
when p r e h e a t e r s  o p e r a t i n g  c o n d i t i o n s  (skin temperature ,  h e a t  f l u x ,  e t c . )  a r e  not 
s e v e r e .  

4 . 3  Reactors  

I n  d i r e c t  l i q u e f a c t i o n  p r o c e s s e s  opera ted  a t  a l a r g e  s c a l e  t o  d a t e  (wi th  the 
s i n g l e  except ion  of the  H-Coal p r o c e s s ) ,  the l i q u e f a c t t o n  r e a c t o r  c o n s i s t s  of one o r  
more open h b b l e  column r e a c t o r s .  Because the k i n e t i c s  of c o a l  l i q u e f a c t i o n  is  not 
w e l l  understood,  because the p h y s i c a l  p r o p e r t i e s  of c o a l  l i q u e f a c t i o n  s l u r r i e s  a r e  
n o t  w e l l  known, and because t h e  f l u i d  dynamic performance of l a r g e  open bubble  
columns is u n c e r t a i n ;  performance of l a r g e - s c a l e  d i r e c t  l i q u e f a c t i o n  r e n c t n r s  cannot  
he prc,!icted w i t h  confii!encr. The a in  af the i:!)S prnce?;s t o  approac'i pl.111: flow 
c o n d i t i o n s  tllraii?'i a s e r i e s  of l i i z h  L/ l l  r e a c t o r s ;  r e d i s t r f h u t i o n  t r a y s  :*re o r i c i -  
n a l l y  i n s t a l l e d  i.n the ?i . lot  p l a n t  !mt ' e r e  removed a f t e r  e a r l y  operatin!: 
d i f f i c u l t i e s .  The %C-I rjeslgn al.so a i m  f o r  some pl.up flow c h a r a c t e r ,  and two 
v e s s e l s  in  s e r i e s  are p lanned .  p r i o r  ?ernan o p e r a t i o n s  were w i t h  Four or  Eive hack- 
mixed r e a c t o r s  i n  series, an4 i t  t s  presunerl the  Vottrop p l a n t  follows t h i s  
approac!,. In c o n t r a s t ,  t o  pronote  t k m a l  mixin? i n  the r e a c t o r  an.! therehy  l e s s e n  
t h e  demands on the f i r e d  s l u r r y  p r e h e a t e r ,  t l v  S!<C-IZ demonst ra t ion  p l a n t  esployed a 
p a r a l l e l  arran1:emnt  of two o r  f o u r  r e a c t o r s .  
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1 S l u r r y  res idence  t i m e  and mixing s t u d i e s  in the  F t .  Lewis d i s s o l v e r  ( r e a c t o r )  
have i n d i c a t e d  a high degree of a x i a l  mixing and phase holdups as p r e d i c t e d  from 
c o r r e l a t i o n s .  
s u b s t a n t i a l l y  less than expec ted  s l u r r y  r e s i d e n c e  t i m e .  

S i m i l a r  s t u d i e s  in the  EDS p i l o t  p l a n t  may have g iven  i n d i c a t i o n s  of 

There have been o b s e r v a t i o n s  of s o l i d s  bui ldup  in the  EDS, W i l s o n v i l l e ,  and Ft. 
\ 

L e w i s  r e a c t o r s .  Such bui ldup  may provide b e n e f i c i a l  c a t a l y t i c  a c t i o n ;  a t  the  same 
t i m e ,  by occuping volume, s o l i d s  build-up p r e s e n t s  a concern f o r  the  s t a b l e  long 
term o p e r a t i o n  of commercial r e a c t o r s .  Thus, so l ids  withdrawal  systems have been 
t e s t e d  in Wilsonvi l le  and Ft .  L e w i s  and a r e  inc luded  in demonst ra t ion  p l a n t  designs.  
O p e r a b i l i t y  of such systems on l a rge-sca le  r e a c t o r s  remains u n c e r t a i n .  Opera t ion  of 
a s i m i l a r  system f o r  c a t a l y s t  withdrawal  from the  H-Coal r e a c t o r  has been g e n e r a l l y  
s a t i s f a c t o r y ,  but the system has  plugged a t  least once. 

I 

The des ign  of the  6000 ton/day d i s s o l v e r  f o r  the SRC-I demonst ra t ion  p l a n t  w i l l  
be based on s c a l e - u p  of d a t a  from the  d i s s o l v e r s  a t  t h e  W i l s o n v i l l e  and Ft .  Lewis 
p i l o t  p lan ts .  Accumulation of minera l - r ich  s o l i d s  in the W i l s o n v i l l e  d i s s o l v e r  has  
been observed f o r  s e v e r a l  years .  The mechanism of t h i s  accumulat ion is  not  c l e a r l y  
understood but seems t o  be due t o  the  growth and agglomera t ion  of s o l i d  p a r t i c l e s .  
It is not c l e a r  whether s o l i d s  w i l l  accumulate in the  la rge-sca le  demonstrat ion 
p l a n t  d i s s o l v e r ,  in view of the  h igher  gas and s l u r r y  v e l o c i t i e s .  The accumulated 
s o l i d s  in the W i l s o n v i l l e  d i s s o l v e r  have been observed t o  c a t a l y z e  the  d i s s o l u t i o n  
r e a c t i o n s ,  so a l i m i t e d  amount of s o l i d s  accumulat ion is  not  n e c e s s a r i l y  d e t r i m e n t a l .  

4 . 4  Vapor- l iquid S e p a r a t o r s  and F r a c t i o n a t i o n  

Economics and e f f i c i e n c y  are favored by o p e r a t i n g  the  r e a c t o r  e f f l u e n t  vapor- 
l i q u i d  s e p a r a t o r  a t  o r  on ly  s l i g h t l y  below r e a c t o r  tempera ture  wi th  minimal s l u r r y  
hold  up c o n s i s t e n t  wi th  l e v e l  c o n t r o l .  The H-Coal p i l o t  p l a n t  has  experienced 
repea ted ,  s e r i o u s  d i f f i c u l t i e s  wi th  t h e  bui ld-up  of massive d e p o s i t s  of coke-l ike 
m a t e r i a l  in the  s e p a r a t o r .  A hydrogen sparge  in the  s e p a r a t o r  which c o o l s  the  
s l u r r y  by about  100 F, m a i n t a i n s  a high hydrogen o v e r p r e s s u r e ,  and a g i t a t e s  the 
s l u r r y .  The problems observed in the  H-Coal s e p a r a t o r  may be due in p a r t  t o  
e x c e s s i v e  res idence  t i m e ,  s i n c e  t h e  v e s s e l  was designed f o r  the  h igher  throughput  
b o i l e r  f u e l  opera t ion .  

5. ENVIRONMENTAL AND HEALTH CONSIDERATIONS 

The p r i n c i p a l  a r e a s  of envi ronmenta l  and h e a l t h  concern f o r  c o a l  l i q u e f a c t i o n  
inc lude  h e a l t h  and envi ronmenta l  e f f e c t s  of a a t e r i a l s  produced d u r i n g  l i q u e f a c t i o n ,  
i n d u s t r i a l  hygiene and o c c u p a t i o n a l  h e a l t h ,  e f f l u e n t  c o n t r o l  and waste management 
technology,  and assessment  of envi ronmenta l  impacts and h e a l t h  risks. Raw l i q u i d s  
produced by the d i r e c t  l i q u e f a c t i o n  of c o a l  c o n t a i n  a p p r e c i a b l e  q u a n t i t i e s  of 
phenols ,  p o l y c y c l i c  m i n e s ,  and polynuclear  a romat ics  which may pose problems in 
t r a n s p o r t a t i o n  o r  end use.  G e n e r a l l y ,  t h e s e  concerns appear  t o  be t r a c t a b l e ,  and 
exper ience  dur ing  the  r e c e n t  o p e r a t i o n  of l a r g e  p i l o t  p l a n t s  and des ign  of 
demonstrat ion and commercial p l a n t s  provides  confidence t h a t  a c o a l  l i q u e f a c t i o n  
i n d u s t r y  can be a c c e p t a b l e  from an environmental  and h e a l t h  p o i n t  of view. 

However, t h i s  hopefu l  c o n t e n t i o n  remains t o  be demonstrated.  R e s u l t s  of p r e l i -  
minary scoping r e s e a r c h  on h e a l t h  and envi ronmenta l  e f f e c t s  must be confirmed by 
long term t e s t i n g  and l a r g e  s c a l e  demonstrat ion.  Likewise,  t h e  e f f e c t i v e n e s s  of 
i n d u s t r i a l  hygiene p r a c t i c e s  can only  be c o n f i n e d  by e x p e r i e n c e ;  improved moni- 
t o r i n g  c a p a b i l i t y  i s  needed. The performance of wastewater  t rea tment  schemes and 
s o l i d  waste management approaches must be confirmed through t h e  long term opera t ion  
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of  la rge  f a c i l i t i e s .  F i n a l l y ,  t h e  d a t a  base and methodologies  f o r  a s s e s s i n g  the 
e n v i r o w e n t a l  impacts  and h e a l t h  r i s k s  of c o a l  l i q u e f a c t i o n  p l a n t s  r e q u i r e  hprove-  
ment and v a l i d a t i o n  so t h a t  sound d e c i s i o n s  can be made. 

The Environmental  Impact S t a t e m e n t s  of DOE'S planned c o a l  convers ion  demonstra- 
t i o n  p l a n t s  provide a thorough assessment  of the  s t a t e  of unders tanding  of environ- 
menta l  and h e a l t h  concerns a s s o c i a t e d  wi th  c o a l  l i q u e f a c t i o n  and g a s i f i c a t i o n  p l a n t s  
as w e l l  a s  means f o r  m i t i g a t i n g  t h e s e  concerns.  S i m i l a r l y ,  D r a f t  P o l l u t i o n  Control  
Guidance Documents f o r  i n d i r e c t  and d i r e c t  l i q u e f a c t i o n  by t h e  EPA and comments 
t h e r e o n  embody t h e  bes t  a v a i l a b l e  s c i e n t i f i c  and t e c h n i c a l  da ta .  S u b s t a n t i a l  uncer- 
t a i n t i e s  remain however in u n d e r s t a n d i n g  and d e a l i n g  w i t h  p o t e n t i  h e a l t h  and 
envi ronmenta l  r i s k s  of producing and u t i l i z i n g  c o a l  l i q u i d s .  A g% d e a l  of work 
has  been completed i n  these  a r e a s ,  hut  much a l s o  remains t o  be done. Likewise,  the 
t r a n s p o r t  and f a t e  of t r a c e  c o n s t i t u e n t s  from s p e c i f i c  c o a l s  i n  s p e c i f i c  processes  
is s u b s t a n t i a l l y  unknown. 

Technologies  f o r  t r e a t i n g  and d i s p o s i n g  of gaseous,  aqueous, and s o l i d  wastes 
from coal  l i q u e f a c t i o n  p l a n t s  have g e n e r a l l y  opera ted  i n  compliance wi th  e x i s t i n g  
r e g u l a t i o n s ;  however, these  r e g u l a t i o n s  do not address  many of t h e  p o t e n t i a l  pol lu-  
t a n t s  where u n c e r t a i n t i e s  and concerns  are the g r e a t e s t .  Key areas of concern 
appear  to  be the assured  performance of waste water t rea tment  technologies  f o r  near- 
t o t a l  recyc le  or  f o r  e f f l u e n t  release; s a f e  d i s p o s a l  of o i l y  wastes, s ludges ,  and 
b r i n e s  from wastewater t r e a t m e n t ;  and l a n d f i l l  d e s i g n  f o r  s o l i d  waste d i s p o s a l .  I n  
a commercial p l a n t ,  the  a r e a  r e q u i r e d  f o r  s o l i d  waste d i s p o s a l  can be a major p a r t  
of the t o t a l  p r o j e c t  land requi rement .  

A grea t  d e a l  of p r o g r e s s  has  been nade in upgrading  d i s t i l l a t e  products  from 
d i r e c t  l i q u e f a c t i o n  processes .  Exper imenta l  s t u d i e s  by UOP, Chevron, Exxon, and 
o t h e r s  have been c a r r i e d  out  under  DOE sponsorsh ip  and have e s t a b l i s h e d  t h a t  
d i s t i l l a t e  f r a c t i o n s  from SRC-I and -11, H-Coal, and EDS processes  can be success-  
f u l l y  upgraded by processes  such as h y d r o t r e a t i n g ,  hydrocracking ,  and c a t a l y t i c  
re forming .  

6. ECONOMICS AND COMMERCIALIZATION 

6 . 1  Recent  Economic S t u d i e s  

Most of the  economic s t u d i e s  r e p o r t e d  i n  1978-1979 i n d i c a t e d  a product ion  c o s t  
f o r  l i q u i d  f u e l s  from c o a l  of about  $25-$35/bbl i n  1979 d o l l a r s .  Economic s t u d i e s  
s i n c e  t h a t  time i n d i c a t e  t h a t  c o s t s  have r i s e n  s u b s t a n t i a l l y .  A s  noted previous ly ,  
such c a l c u l a t e d  product  c o s t s  are s u b j e c t  t o  wide v a r i a t i o n  depending on the  type of 
f i n a n c i n g  and o t h e r  economic assumpt ions ,  on the completeness  and realism of the  
d e s i g n ,  and on the  conserva t i sm used in e s t i m a t i n g  c o s t s .  

The economics and s t a t u s  of commerc ia l iza t ion  of the  H-Coal process  were 
reviewed by HRI i n  1981. 
DOE cont rac t . (7)  Energy c o s t s  r e p o r t e d  were $3.30 per m i l l i o n  Btu f o r  the f u e l  o i l  
mode and $3.58 per m i l l i o n  Btu f o r  t h e  syncrude mode. The same s tudy  showed c o s t s  
of  $3.62/mil l ion Btu f o r  SRC-11, $3 .96/mi l l ion  Btu f o r  EDS, $4 .37/mi l l ion  Btu f o r  
methanol ,  and $4.89/mil l ion Btu f o r  Mobil-MTG. The $3.58/mil l ion Btu f o r  the  H-coal 
syncrude mode corresponds t o  about  $21.50/bbl us ing  an approximate convers ion  f a c t o r  
of  6 m i l l i o n  Btu/bbl .  

Economics were based on a 1979 ESCOE s t u d y  performed under 

A l a rge-sca le  commercial p l a n t  u s i n g  t h e  H-Coal process  has  been proposed f o r  
Breckinr idge  County, Kentucky. The Breckinr idge  p r o j e c t  has  a p p l i e d  f o r  SFC suppor t  
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and i s  one of the  f i v e  p r o j e c t s  t h a t  have e n t e r e d  t h e  second s t a g e  of SFC's se lec-  
t i o n  procedure. 
run-of-mine I l l i n o i s  No. 6 c o a l  t o  produce a nominal 50,300 bbl /day of l i q u i d  pro- 
d u c t s  and about 25 million SCF/day of SNG. 
b b l  per ton of run-of-mine c o a l ,  or about  30% by weight. 

The proposed p l a n t  would be designed to run  about  22,500 TPD of 

T o t a l  l i q u i d  product  corresponds t o  2-24 

An ORNL s tudy  in 1981 r e p o r t e d  on the  economics of producing gasol ine  from 
wes tern  U.S. c o a l  u s i n g  Lurgi  g a s i f i c a t i o n ,  I C 1  methanol  s y n t h e s i s ,  and Mobil-MTG 
convers ion  t o  g a s o l i n e . ( 8 )  Coal feed  rate on an as - rece ived  b a s i s  was about  30,000 
TPD. The p l a n t  was s e l f - s u f f i c i e n t  i n  steam and power and had a c a p i t a l  investment  
of  $2.8 b i l l i o n  i n  1979 d o l l a r s .  A g a s o l i n e  c o s t  of $1 .59/ga l  in 1979 d o l l a r s  was 
c a l c u l a t e d  using 100% e q u i t y  f i n a n c i n g  wi th  15% annual  a f t e r - t a x  r e t u r n  on e q u i t y .  
I n  t h i s  case ,  methane produced by the  Lurg i  g a s i f i e r s  was reformed t o  s y n t h e s i s  gas  
in order  t o  maximize g a s o l i n e  product ion  and minimize t h e  product ion  of SNG. Over- 
a l l  thermal  e f f i c i e n c y  was 50% and s p e c i f i c  investment  was $57,600 per d a i l y  b a r r e l  
of product. 

A Fluor  s tudy done f o r  EPRI i n  1981 r e p o r t e d  on the economics of producing 
methanol from I l l i n o i s  No. 6 c o a l  us ing  Texaco g a s i f i c a t i o n  and I C 1  methanol 
synthes is . (9)  The conceptua l  p l a n t  c a p a c i t y  was 16,234 TPD ( a s  rece ived)  and metha- 
n o l  product ion r a t e  was 10,930 TPD, g iv ing  an o v e r a l l  thermal  e f f i c i e n c y  of about 
58%. T o t a l  investment  was $1.45 b i l l i o n  in 1979 d o l l a r s .  The f i r s t - y e a r  product ion 
c o s t  of methanol us ing  EPRI's economic bases was about $0.30 g a l  o r  $4.71/mil l ion 
Btu. This  assumes product  c o s t  i n f l a t i o n  of 6% per year .  S p e c i f i c  investment  was 
$42,800 per d a i l y  b a r r e l  of f u e l  oil e q u i v a l e n t  product .  

The same r e p o r t  a l s o  mentions ear l ier  s t u d i e s  by F l u o r  of d i s t i l l a t e  f u e l  pro- 
d u c t i o n  from I l l i n o i s  No. 6 c o a l  by the  11-Coal process .  Using a p l a n t  of the  same 
throughput  and the same economic assumptions,  H-Coal d i s t i l l a t e s  were e s t i m a t e d  t o  
have a f i r s t - y e a r  c o s t  of $4 .06 /mi l l i on  Btu i n  1979 d o l l a r s .  O v e r a l l  thermal  e f f i -  
c iency was es t imated  a t  70.7%. T o t a l  c a p i t a l  investment  was $1.27 b i l l i o n  i n  1979 
d o l l a r s .  S p e c i f i c  investment  was $32,500 per d a i l y  b a r r e l  of f u e l  o i l  e q u i v a l e n t  
product .  

Exxon's r e v i s i o n  of t h e i r  1975-1976 s tudy  des ign  f o r  the Exxon Donor Solvent  
process  w a s  i s sued  in 1981.(10) Two des igns  were presented ,  a base case and a 
market f l e x i b i l i t y  s tudy.  Both cases used I l l i n o i s  No. 6 c o a l ;  they d i f f e r e d  pr in-  
c i p a l l y  i n  the method used f o r  producing hydrogen, r e s u l t i n g  i n  s u b s t a n t i a l  produc- 
t i o n  of high-Btu gas and C3 LPG i n  the  market f l e x i b i l i t y  case. 
showed cons iderably  h igher  c a p i t a l  investment  than the 1975-1976 design.  Reducing 
a l l  e s t i m a t e s  t o  a common t i m e  frame (1985-1986 s t a r t u p )  t o  e l i m i n a t e  i n f l a t i o n a r y  
d i f f e r e n c e s ,  t o t a l  e r e c t e d  c o s t s  f o r  the updated des igns  (30,000 TPD) were $3.9 
b i l l i o n  f o r  the base case and $3.7 b i l l i o n  f o r  the  market f l e x i b i l i t y  case whereas 
t h e  1975-1976 des ign  (24,000 TPD) showed a c o s t  of $2.2 b i l l i o n .  P a r t  of the  
i n c r e a s e  i n  c o s t  can be a t t r i b u t e d  t o  the increased  c o a l  feed  ra te ,  but the major 
p o r t i o n  of the  i n c r e a s e  was due t o  d i f f e r e n c e s  in d e s i g n  and c o s t  e s t i m a t i o n .  
Product  c o s t  ( r e q u i r e d  i n i t i a l  s e l l i n g  p r i c e )  f o r  the updated cases were $61.20/bbl 
f o r  t h e  base case and $48.60/bbl f o r  the market  f l e x i b i l i t y  case. These c o s t s  were 
based on 100% e q u i t y  f i n a n c i n g  wi th  a 15% annual  a f t e r - t a x  rate of r e t u r n  and 6% 
annual  e s c a l a t i o n  of a l l  c o s t s  and product  p r i c e s .  The c a p i t a l  c o s t s  f o r  the  
updated cases correspond t o  about  $71,100 and $65,300 per d a i l y  b a r r e l  of product ;  
t h e s e  are as-spent  d o l l a r s  based on 1985-1986 s t a r t u p .  

The updated designs 

D e f l a t i n g  the r e q u i r e d  i n i t i a l  s e l l i n g  p r i c e s  from 1985 t o  1982 a t  a rate of 6% 
g i v e s  $51 and $41/bbl  i n  1982 d o l l a r s  f o r  the base case and market  f l e x i b i l i t y  case 
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r e s p e c t i v e l y .  I n  c o n t r a s t ,  t h e  r e q u i r e d  i n i t i a l  s e l l i n g  p r i c e  p r o j e c t e d  under the 
sane  economic ground r u l e s  i n  the 1975-1976 s tudy  was $29/bbl  i n  1978 d o l l a r s  or  
about  $44/bbl  i n  1985-1986 d o l l a r s ,  and the c a p i t a l  c o s t  was about  $41,000 per  d a i l y  
b a r r e l  of product  i n  as-spent  d o l l a r s  based on 1985-86 s t a r t u p .  

The 1981 s tudy  d e s i g n  update  does  not  i n c l u d e  any e v a l u a t i o n  of the  bottoms 
r e c y c l e  opera t ion .  Exxon has  i n d i c a t e d  t h e i r  i n t e n t i o n  t o  !make such an eva lua t ion  
i n  t h e  near  f u t u r e .  

Costs  of upgrading SRC-I1 l i q u i d s  t o  d i s t i l l a t e  f u e l s  have been e s t i m a t e d  by 
Chevron Research i n  a WE-sponsored s tudy .  (11)  E s t i m a t e s  were based on experimental  
upgrading  of whole SRC-I1 syncrude i n  Chevron's p i l o t  p l a n t  f a c i l i t i e s .  Commercial 
petroleum r e f i n i n g  technology,  i n c l u d i n g  h y d r o t r e a t i n g  and hydrocracking,  was used 
t o  produce g a s o l i n e ,  kerosene j e t  f u e l ,  d i e s e l  f u e l ,  and No. 2 h e a t i n g  o i l .  
R e f i n i n g  c o s t s  t o  conver t  SRC-I1 syncrude t o  t r a n s p o r t a t i o n  f u e l s  were es t imated  t o  
be $14 per b a r r e l  of product  f o r  a product  s la te  of motor g a s o l i n e  and j e t  f u e l  or  
$16 per b a r r e l  t o  produce motor g a s o l i n e  only.  Cost of producing No. 2 h e a t i n g  o i l  
on ly  was es t imated  t o  be about  $lO/bbl .  These c o s t s  i n c l u d e  the c o s t  of producing 
t h e  hydrogen used i n  p r o c e s s i n g  and are based on s e l f - s u f f i c i e n t  g r a s s  r o o t s  r e f i -  
n e r i e s  of 50,000 bbl /day c a p a c i t y .  L iquid  v o l m e  y i e l d s  were e s t i m a t e d  a t  88-91% of 
syncrude Eeed. P l a n t  c a p i t a l  inves tments  f o r  the  upgrading r e f i n e r i e s  ranged from 
$443 t o  $708 m i l l i o n .  A l l  t h e s e  c o s t s  a r e  i n  f i r s t  q u a r t e r  1980 d o l l a r s .  An annual 
c a p i t a l  f i x e d  charge r a t e  of 30% w a s  used,  which is  e q u i v a l e n t  to  about  15% annual 
a f t e r - t a x  r e t u r n  on e q u i t y .  S i g n i f i c a n t  sav ings  were found when the  upgrading fac i -  
l ities were l o c a t e d  a t  the same s i te  as the  c o a l  l i q u e f a c t i o n  f a c i l i t y .  

5.3. Commerc ia l iza t ion  

P r o s p e c t s  f o r  commerc ia l iza t ion  of l i q u i d  f u e l s  from c o a l  i n  the  U.S. have been 
a f f e c t e d  by a number of major developments s i n c e  1979. Some of these  have been 
f a v o r a b l e  and some have t e e n  adverse .  

The p r i c e  of world o i l  i n  e a r l y  1979 was about  $15-17/bbl, and the p r o j e c t e d  
c o s t  of l i q u i d  f u e l s  from c o a l ,  a s  no ted  earlier,  was about  $25-$35/bbl i n  1979 
d o l l a r s .  From 1979 t o  1980 t h e  p r i c e  of o i l  doubled, r i s i n g  t o  $34-$37/bbl. 

Spurred by the  r a p i d  i n c r e a s e s  i n  world o i l  p r i c e  and the r e c o g n i t i o n  of the 
i n s e c u r i t y  of Middle East oil s u p p l i e s ,  t h e  U . S .  i n  1980 passed t h e  Energy S e c u r i t y  
A c t .  This  A c t  e s t a h l i s h e d  n a t i o n a l  product ion  g o a l s  f o r  s y n t h e t t c  f u e l s ,  provided 
a n  i n i t i a l  $20 b i l l i o n  i n  f i n a n c i a l  a s s i s t a n c e  t o  accelerate s y n f u e l s  product ion ,  
and c r e a t e d  t h e  United S t a t e s  S y n t h e t i c  Fuels  Corpora t ion  t o  he lp  the p r i v a t e  s e c t o r  
b u i l d  the  necessary  p r o d u c t i v e  c a p a c i t y .  The n a t i o n a l  s y n f u e l  product ion  g o a l s  were 
s t a t e d  a s  500,000 bbl /day o i l  e q u i v a l e n t  by 1987 and 2 m i l l i o n  bbl /day o i l  equiva- 
l e n t  by 1992. 
f i n a n c i a l  a s s i s t a n c e  t o  p r i v a t e - s e c t o r  p r o j e c t s ,  i n  the  form of purchase agreements, 
p r i c e  guarantees ,  loan g u a r a n t e e s ,  l o a n s ,  and j o i n t  ventures .  

The p r i n c i p a l  r o l e  of t h e  S y n t h e t i c  Fuels  Corpora t ion  is t o  give 

M i l i t a t i n g  a g a i n s t  the commercial p roduct ion  of s y n f u e l s  i n  the  U.S., however, 
is the  f a c t  t h a t  i n  the l a s t  two y e a r s  t h e r e  has been a s o f t e n i n g  of demand, a 
d r a s t i c  reduct ion  i n  U.S. o i l  impor ts  and t o t a l  oil consumption, and a weakening of 
o i l  p r i c e  in i n t e r n a t i o n a l  markets. The h igh  c o s t  of o i l  has  caused a s u b s t a n t i a l  
s h i f t  t o  cheaper  s u p p l i e s  of energy  such  as c o a l .  The t r e n d  toward s m a l l e r  automo- 
b i l e s  has  c o n t r i b u t e d  a p p r e c i a b l y  t o  t h e  r e d u c t i o n  i n  g a s o l i n e  demand. 
n a t i o n s  have reduced t h e i r  p roduct ion  i n  an a t tempt  t o  o f f s e t  t h e  tendency toward an 
o i l  g l u t  and p r i c e  compet i t ion  among t h e  c a r t e l  members. 
of  U.S. o i l  consumption and impor ts  s i n c e  1974. The r e d u c t i o n  in o i l  demand and o i l  
p r i c e s  obvious ly  d iminish  t h e  immediate p r o s p e c t s  f o r  s y n f u e l  commerc ia l iza t ion ,  

The OPEC 

F i g .  1 shows t h e  h i s t o r y  

204 



s i n c e  the economic f e a s i b i l i t y  of s y n f u e l s  v e n t u r e s  depends t o  a l a r g e  e x t e n t  on 
f u t u r e  i n c r e a s e s  i n  the  p r i c e  of oil k y o n d  the  g e n e r a l  rate of i n f l a t i o n .  I f  t h i s  
p r o j e c t i o n  appears  t o  be q u e s t i o n a b l e ,  s y n f u e l s  p r o j e c t s  l o s e  much of t h e i r  a t t r a c -  
t i v e n e s s  as p r i v a t e  commercial ventures .  

The f u t u r e  g o a l s  and p o l i c i e s  of SFC have not  been def ined  i n  p r e c i s e  terms. 
This  may be due i n  part t o  the  somewhat ambiguous d e f i n i t i o n  of the  SFC's mandate 
under the Energy S e c u r i t y  A c t .  Two g o a l s  were e s t a h l i s h e d  t h a t  are t o  some degree 
c o n t r a d i c t o r y :  a r a p i d  build-up of product ion  c a p a c i t y  on t h e  one hand and the  use 
of a range of d i v e r s e  t e c h n o l o g i e s  and resources  on t h e  o t h e r .  There a r e  r e c e n t  
i n d i c a t i o n s  t h a t  a g r e a t e r  emphasis will be p laced  on d i v e r s i t y  than  on q u a n t i t a t i v e  
product ion  goa ls .  Ilnder t h i s  p o l i c y  t h e r e  could be a tendency t o  use SFC's resources  
t o  promote the  demonst ra t ion  of a wide range of technologies  r a t h e r  than  t o  maximize  
the  rate of bu i ldup  of product ion  c a p a b i l i t y .  Such a p o l i c y  d e c i s i o n ,  I f  made, w i l l  
have s i g n i f i c a n t  consequences f o r  the  U.S. s y n f u e l s  program. I f  e a r l y  bui ldup  of 
product ive  c a p a c i t y  were the main goa l ,  the  use of a l r e a d y  demonstrated commercial 
technology would be a l o g i c a l  course  of a c t i o n .  But i f  d i v e r s i t y  of approach is 
judged t o  be a more impor tan t  o b j e c t i v e ,  the  demonst ra t ion  of a wide range of near-  
commercial t e c h n o l o g i e s  may become a primary a c t i v i t y  of the  program. Thus t h e r e  
a r e  a number of q u e s t i o n s  about  the p r e c i s e  d e t a i l s  of SFC's commerc ia l iza t ion  
pol icy .  The Outcome of such q u e s t i o n s  w i l l  be awaited wi th  g r e a t  i n t e r e s t  by t h e  
s y n f u e l s  community. 
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PYROLYSIS OF SOLVENT-REFINED COALS 

Wei-Yin Chen, William L. Yauger, and Richard L. Meek 

Gulf South Research Institute, P. 0. Box 26518, New Orleans, Louisiana 70186 

Introduction 

Solvent-refined coals (SRC) are usually characterized or analyzed after solvent 
fractionation. The present study demonstrates that a newly developed pyrolysis 
technique (1) can provide valuable insights to the chemical structure of SRC without 
fractionation and it allows direct comparison of SRC with raw coal. In addition, 
the technique can also offer critical evaluation for the process potential of SRC. 

Experimental 

A Chemical Data Systems Pyroprobe 100 solids pyrolyzer was interfaced to the 
conv ntional capillary chromatographic injection port of a Hewlett-Packard 5993 
(GC) /MS/DS system, using glass-lined metal tubing. An Alltech 50-meter SCOT SE-30 
glass capillary column with 0.5 mm internal diameter was ins-talled in-line with the 
pyrolysis interface. Volatile degradation products were cold trapped on the head of 
the capillary column by maintaining the column oven at either O°C or 10%. During 
analysis, the chromatographic oven was programmed using either a 6OC/min or 8°C/min 
heating rate from the starting temperature to 260OC. The pyrolyzer interface and 
gas chromatographic injection port were maintained at 24OOC and 26OoC, respectively. 
Solid coal samples (about 1 mg) were placed in 3 mm i.d. quartz tubes and these 
tubes inserted in the pyrolyzer coil. The coil was heated at a rate of 20,000°C/sec 
and maintained at 1000°C for 10 sec. More detailed information on the experimental 
arrangement can be found in a previous publication (1). 

5 

The three SRC samples, Illinois No. 6, Wyodak, and Kentucky No. 9 were produced 
from the SRC-I process at the Wilsonville pilot plant. They were ground to -80 U . S .  
mesh under nitrogen and dried at 100°C under vacuum before the experiment. 

Results and Discussion 

Total weight loss and the product distribution of Illinois No. 6 and Wyodak 
solvent-refined coals were compared with that of their parent coals. Wyodak SRC 
lost the same weight (about 54%) as the untreated coal. Illinois No. 6 SRC had a 
lower weight loss (about 27%) than its parent coal (about 44%). Kentucky No. 9 SRC 
produced about 54% volatiles. 

Figure 1 shows the total ion chromatograms, for masses 35-450, of the two raw 
coals. The chromatograms of the three SRCs are shown in Figure 2'over the same mass 
range as Figure 1. Major components in these figures are identified and they are 
listed in Table 1. A l s o  included in Table 1 are the retention time, characteristic 
mass of each component, and the relative peak area to naphthalene. Typical mass 
spectrometric operating conditions resulted in complete 7 0  eV mass spectra being 
obtained every 2 seconds. Since 70 eV electron ionization cross sections of most 
compounds is constant, the yield given in Table 1 as area relative to naphthalene, 
should be approximately equivalent to the yield in weight relative to naphthalene. 
The naphthalene yields of the two raw coals were about 1 vg/mg of coal, and are 
assumed to be constant for the purposes of this study. 

Both Illinois No. 6 and Wyodak SRC show significantly higher alkane and alkene 
yields. This implies that the SRC process provides a hydrogen-enriched fraction for 
its product, and this enriched fraction tends to convert to aliphatics during pyrol- 
ysis. The conversion of raw coal to these fractions may depend on the severity of 
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t h e  s o l v e n t - r e f i n i n g  p r o c e s s .  I n  a r e c e n t  s t u d y  on hydropyrolys is  of s h o r t  contac t  I 
t i m e  SRC ( 2 ) ,  methane y i e l d s  were found t o  b e  t h e  same a s  f o r  t h e i r  p a r e n t  c o a l s  and 
e thane  y i e l d s  i n c r e a s e d  c o n s i d e r a b l y .  

I 

By comparing F i g u r e  1 and 2 ,  o r  t h e  d a t a  r e p o r t e d  i n  Table  1, it is  i n t e r e s t i n g  
t o  n o t e  t h a t  SRC samples produce h i g h e r  a lkane /a lkene  r a t i o s ,  f o r  each  C , than 
t h e i r  paren t  c o a l s .  Again, t h i s  may i n d i c a t e  t h a t  p a r t  o f  t h e  c o a l  was hy%rogen- 
a t e d ,  a t  l e a s t  dur ing  a c e r t a i n  p e r i o d  of t i m e ,  i n  t h e  cause  of t h e  s o l v e n t  r e f i n i n g  
r e a c t i o n .  

/ 

The t h r e e  sharp  peaks of  p o l y n u c l e a r  a romat ics  (No. 45, 46, 47) i n  F igure  1 
marked another  s i g n i f i c a n t  d i f f e r e n c e  between SRC and i t s  p a r e n t  c o a l .  The higher  / 
conversion t o  a n t  cene ,  phenanthrene ,  f l u o r a n t h e n e  and pyrene confirms an e a r l i e r  
c ross -polar iza t ioFC-NMX r e p o r t  ( 3 )  t h a t  t h e  a r o m a t i c i t y  of SRC i n c r e a s e s  w i t h  coa l  
conversion and r e a c t i o n  s e v e r i t y .  In a d d i t i o n ,  t h e  t h r e e  d i s t i n c t  peaks may a l s o  
imply t h a t  t h e  3 and 4 fused  a r o m a t i c  rings comprise  t h e  b a s i c  SRC s k e l e t o n  and t h a t  

I 
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PYROLYSIS OF ORGANIC COMPOUNDS CONTAlNING 
LONG UNBRANCEED ALKYL GROUPS 

Robert N. H a z l e t t  and George W. Mushrush 

Naval Research Laboratory 
Code 6180 

Washington, D.C. 20375 

The Naval Research Laboratory h a s  r e l a t e d  t h e  f r e e z i n g  p o i n t  of JP-5 type 
f u e l s  t o  t h e  n-alkane c o n t e n t ,  s p e c i f i c a l l y  n-hexadecane ( 1 ) .  This r e l a t i o n -  
sh ip  a p p l i e s  t o  j e t  f u e l s  der ived  from any crude o i l  source. In genera l ,  j e t  
f u e l s  from s h a l e  crude have the  h i g h e s t  and those from coal  the  lowest n-al- 
Lane content .  

The q u a n t i t y  of l a r g e  n-alkanes present  i n  s h a l e  crude i s  i n s u f f i c i e n t  t o  
expla in  the  alkane conten t  (up t o  37%) of f u e l s  der ived  from sha le .  
Precursors  t o  small s t r a i g h t  c h a i n  molecules i n  t h e  j e t  f u e l  range might be 
long chain branched o r  c y c l i c  s u b s t i t u t e d  compounds which rupture  during 
thermal r e f i n i n g  processes .  At tack  on a s i d e  cha in  could a f f o r d  a pa th  t o  an 
alkane (2) .  

The thermal c racking  of hydrocarbons i s  wel l  documented i n  the  l i t e r a t u r e  
(3-5). In 1933, Rice ( 6 )  proposed h i s  c l a s s i c a l  f r e e  r a d i c a l  c h a i n  mechan- 
i s m .  The thermal  decomposi t ion of small a lkanes  (C,-C,) a t  low p r e s s u r e  and 
high temperature i s  now w e l l  understood.  S imi la r  r a d i c a l  mechanisms have 
been shown by s e v e r a l  a u t h o r s  t o  account f o r  the  k i n e t i c s  of the  thermal 
decomposition of small  (up t o  C,) a lkanes  (7) .  Although a few examples of 
thermal c racking  of higher  hydrocarbons a r e  found i n  t h e  l i t e r a t u r e  (8.9). 
they a r e  not  adequate f o r  d e t a i l e d  comparison. Uost of these  s t u d i e s  have a 
p a r t i c u l a r  emphasis on k i n e t i c s  w i t h i n  t h e  Rice-Kossiakoff theory 
parameters. Fabuss, Smith and S a t t e r f i e l d  (8)  have r e p o r t e d  da ta  and 
proposed a mechanism f o r  n-hexadecane p y r o l y s i s  a t  p r e s s u r e s  much h igher  than 
those s t u d i e d  by Rice. 

The purpose of t h e  p r e s e n t  r e s e a r c h  i s  t o  t e s t  t h e  v a l i d i t y  of Fabuss- 
Smi th-Sat te r f ie ld  (F-S-S) (8) f o r  lower temperatures  and h igher  p r e s s u r e s  and 
t o  r e p o r t  t h e  product  d i s t r i b u t i o n  f o r  the  thermal c racking  of l a r g e  model 
cornpounds of v a r i e d  s t r u c t u r e .  These compounds were pyrolyzed a t  temperature 
and pressure  c o n d i t i o n s  t y p i c a l  of  the  pet,rolenm r e f i n i n g  process  known a s  
delayed coking. 

EXPERIMENTAL 

Reanent s 

1-Phenyl pentadecane, 1-phenyl te t radecane ,  2-methyl octadecane,  and tri- 
decyl  cyclohexane obta ined  from P f a l t z  and Bauer were passed  through 
a c t i v a t e d  s i l i c a  g e l  and f r a c t i o n a t e d .  n-lexadecane was a Nat iona l  Bureau of 
Standard r e f e r e n c e  sample and was used a s  received.  2-n-Pentadecyl pyr id ine  
was prepared by a s tandard  method (10) and f r a c t i o n a t e d .  The f r a c t i o n  
b o i l i n g  a t  17OoC a t  33.2 Pa was r e t a i n e d  and c h a r a c t e r i z e d  by GC/MS. The 
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, 

P m i t Y  Of t h e  hydrocarbons was judged p r i m a r i l y  from vapor phase chroma- 
tography. 
compared t o  a s i m i l a r  compound used a s  an i n t e r n a l  s tandard.  

The a r e a  of the  main chromatogram peak was always 99.9% when 

Method - 
The compounds were pyrolyzed a t  temperature  and p r e s s u r e  c o n d i t i o n s  t y p i c a l  

of the  petroleum r e f i n i n g  p r o c e s s  known a s  delayed coking. 
used were 723OK and about 600 kF'a. A t y p i c a l  p y r o l y s i s  was c a r r i e d  out  in a 
Six inch long 114 inch 0.d. 316 8 . 5 .  tube c losed  a t  one end and f i t t e d  a t  t h e  
o ther  end with a s t a i n l e s s  s t e e l  valve v i a  a Swagelok f i t t i n g .  The tube. 
containing a weighed amount of sample (approximately 0.1 g ) ,  was a t t a c h e d  t o  
a vacuum system, cooled t o  19S0K, and s u b j e c t e d  t o  t h r e e  freeze-pump-thaw 
cycles .  The deaera ted  samples were warmed t o  room temperature  and pyrolyzed 
by i n s e r t i n g  them i n t o  9 /32  inch holes  i n  a s i x  inch diameter  aluminum block  
f i t t e d  with h e a t e r s  and a temperature  c o n t r o l l e r .  A f t e r  the p y r o l y s i s  
per iod,  the tube was cooled t o  195OK and t h e  v a l v e  removed ( u n l e s s  the  sample 
was analyzed f o r  low-molecular weight g a s e s ) .  Benzene ( o r  o t h e r  appropr ia te  
s o l v e n t )  was added t o  t h e  tube which was then capped and warmed t o  room 
temperature. The s o l u t i o n  and t h r e e  subsequent r i n s e s  were t r a n s f e r r e d  t o  a 
screw cap v i a l  ( t e f l o n  cap l i n e r )  and s t o r e d  a t  O°C unt i l  a n a l y s i s .  The 
sample concent ra t ion  i n  t h e  so lvent  was t y p i c a l l y  5%. P r i o r  t o  a n a l y s i s ,  
weighed amounts of i n t e r n a l  s tandards  were added. Since a t y p i c a l  
chromatogram requi red  60 minutes ,  two i n t e r n a l  s tandards  were u t i l i z e d .  One 
( t y p i c a l l y  p-xylene) a f forded  q u a n t i t a t i o n  f o r  the  peaks w i t h  s h o r t  r e t e n t i o n  
t imes and a second ( t y p i c a l l y  1-phenyl t r i d e c a n e )  was used f o r  the  peaks wi th  
longer  r e  t e n t  ion  times. 

The condi t ions  

The s t a i n l e s s  s t e e l  tubes  were used f o r  s e v e r a l  runs.  A l l  tubes  were 
subjec ted  t o  the same c leaning  procedure.  They were f i l l e d  w i t h  toluene,  
c leaned wi th  a s t a i n l e s s  s t e e l  brush,  r i n s e d  w i t h  toluene twice,  then wi th  
methylene c h l o r i d e  and d r i e d  i n  a i r  a t  123OK f o r  one hour .  

The pyrolyzed samples were analyzed by t h r e e  techniques,  a l l  based on gas 
chromatography. I n  t h e  f i r s t ,  a Hewlett Packard Gas Chromatograph Model 
5880A w i t h  F.I.D. d e t e c t o r  equipped w i t h  a SO meter wal l -coated open t u b u l a r  
(OV-101) fused s i l i c a  c a p i l l a r y  column gave t h e  necessary  r e s o l u t i o n  t o  
d i s t i n c t l y  s e p a r a t e  the  a lkanes  and 1-alkenes. A c a r r i e r  gas  f low of one 
mllminnte was combined w i t h  an i n l e t  s p l i t  r a t i o  of 60 : l  and a 325OC i n j e c t o r  
temperature. The column temperature  was programmed t o  260OC a t  40lmin a f t e r  
an i n i t i a l  hold a t  SOOC f o r  8 minutes. Peak i d e n t i f i c a t i o n  f o r  a l l  t h r e e  
techniques was based on r e t e n t i o n  time matching wi th  n-alkane and 1-alkene 
s tandards.  

A second GC technique,  used f o r  longer  r e t e n t i o n  t ime (Cll-C18) n-alkanes 
and 1-alkenes, u t i l i z e d  a P e r k i n  Elmer 3920B Gas Chromatograph equipped w i t h  
an SE-30 110 foot  support  coated open t u b u l a r  g l a s s  c a p i l l a r y  column and a 
F.I.D. d e t e c t o r .  The chromatogram was recorded and i n t e g r a t e d  on a Hewlett 
Packard Uodel 3390A r e p o r t i n g  i n t e g r a t o r .  The temperature  program was t h e  
same a s  f o r  the 5880A a n a l y s i s .  

I n  the  f i r s t  technique,  the  long r e t e n t i o n  t imes  coupled w i t h  an i n l e t  
s p l i t  d i d  not  give r e l i a b l e  a n a l y t i c a l  response above Clz.  The p-xylene 
i n t e r n a l  s tandard was consequent ly  used f o r  C,-C,, a n a l y s i s .  The second GC 
technique was s p l i t l e s s  and gave good response f o r  longer  r e t e n t i o n  t imes,  
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b u t  not good s e p a r a t i o n  a t  s h o r t  r e t e n t i o n  t imes.  The 1-phenyl t r idecane  
i n t e r n a l  s tandard  was used f o r  t h e  Clo-CI, hydrocarbons. Both techniques 
gave the same a n a l y t i c a l  r e s u l t s  f o r  the  mid-range carbon numbers (C,-Clz). 
This  served a s  a s e n s i t i v e  check between the two techniques.  

In the t h i r d  technique.  gases  formed dur ing  p y r o l y s i s  were analyzed us ing  
a Beckman Model GC-72-5 g a s  chromatograph equipped w i t h  an Apiezon L alumina 
packed column and a F.I.D. In t h i s  mode, the column was opera ted  a t  200oC. 
The chromatogram was recorded and i n t e g r a t e d  on a Hewlet t  Packard Model 3390A 
repor t ing  i n t e g r a t o r .  For  t h i s  procedure,  the  tubes  were cooled t o  1950K 
a f t e r  p y r o l y s i s  and t h e  tube v a l v e  connected d i r e c t l y  t o  a GC gas  sampling 
v a l v e  v ia  a swagelok connect ion.  The sample tube was allowed t o  warm up t o  
room temperature before  a n a l y s i s .  An e x t e r n a l  s t a n d a r d  was used f o r  
c a l i b r a t i o n .  A p r e s s u r e  gauge measured t h e  p r e s s u r e  i n  the  sample loop a t  
t h e  t m e  of a n a l y s i s .  

RESULTS 

A l l  samples were pyrolyzed a t  7230K and 600 kF’a i n  s t a i n l e s s  s t e e l  tubes 
f o r  t m e  p e r i o d s  of 1 5 ,  30,  60 ,  120.  and 180 minutes. There was no evidence 
of c a t a l y s i s  by t h e  tube w a l l s  except  f o r  n- t r idecyl  cyclohexane. Only 
condi t ioned tubes  ( a s  d e s c r i b e d )  were used. 

Table I l i s t s  f o r  each p y r o l y s i s  time. the  sums of t h e  n-alkanes and l-al- 
kenes f o r  C, and h igher  a l i p h a t i c s  and t h e  sums f o r  a l l  the  s u b s t i t u t e d  o r  
branched hydrocarbons. 

For 1-phenyl pentadecane,  1-phenyl te t radecane ,  and 2-n-pentadecyl 
pyr id ine ,  the  sums of n-alkane and 1-alkene y i e l d s  a r e  n e a r l y  equal  f o r  a 60 
minute p y r o l y s i s .  The e f f e c t  of a 60 minute s t r e s s  on s t r a i g h t  cha in  
hydrocarbon y i e l d  i s  i l l u s t r a t e d  i n  F igure  1 f o r  1-phenyl pentadecane and 
2-n-pentadecyl p y r i d i n e .  The n-alkane and 1-alkene f o r  each carbon number is 
i l l u s t r a t e d .  Shor t  p y r o l y s i s  t i m e s  favor  1-alkenes whi le  longer  t imes favor  
increased  n-alkane y i e l d s .  The benzene s u b s t i t u t e d  a lkenes  from both  
1-phenyl pentadecane and 1-phenyl te t radecane  a r e  q u i t e  s t a b l e  increas ing  
from 3.6% and 2.6% f o r  a 1 5  minute s t r e s s  t o  8.1% and 8.9% r e s p e c t i v e l y  f o r  
18u minute s t r e s s .  Styrene i s  t h e  alkene p r e s e n t  in h i g h e s t  y i e l d .  For 
1-phenyl pentadecane. s tyrene  v a r i e s  from 0.7% a t  1 5  minutes  t o  7.8% a t  180 
minutes and f o r  1-phenyl t e t r a d e c a n e  from 0.5% a t  1 5  minutes  t o  8.8% a t  180 
minutes. 

Toluene and e t h y l  benzene were the  most s t a b l e  s u b s t i t u t e d  benzenes 
formed. 
2.9% e thyl  benzene were formed. 
were formed. The same t rend  was noted f o r  1-phenyl te t radecane;  a t  1 5  
minutes t h e  toluene y i e l d  was 3.2% and e t h y l  benzene was 2.4%. A t  180 
minutes, 14.8% and 0.2% r e s p e c t i v e l y  were found. 
i n i t i a l  product .  b u t  i t  does b r e a k  down a t  long s t r e s s  t imes.  No benzene was 
found i n  the  product  mix. F igure  2 d e p i c t s  the  s u b s t i t u t e d  alkane and alkene 
y i e l d  f o r  each carbon number f o r  a 60 minute p y r o l y s i s  of 1-phenyl penta- 
decane. 

For a 1 5  minute p y r o l y s i s  of 1-phenyl pentadecane,  3.3% toluene and 
A t  180 minutes, 14.9% and 0.2% r e s p e c t i v e l y  

E t h y l  benzene was a major 

The pyr id ine  s u b s t i t u t e d  a l k a n e s  and a lkenes  from 2-n-pentadecyl pyri-  

The s u b s t i t u t e d  a l k e n e s  e x h i b i t  very  l i t t l e  thermal  s t a b i l i t y  
d i n e  show a remarkable d i s s i m i l a r i t y  with a l l  of t h e  o t h e r  compounds 
pyrolyzed. 
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a f t e r  a p y r o l y s i s  of only 30 minutes and t h e  very low y i e l d  drops t o  z e r o  
While the  s u b s t i t u t e d  alkane shows a h igh  degree of s t a b i l i t y  gradual ly  
increas ing  i n  y i e l d  u n t i l  a t  180 minutes i t  a t t a i n s  18.5%. 
Of the  s u b s t i t u t e d  p y r i d i n e s  was 2-methyl pyr id ine  which increased  from 3.0% 
a t  1 5  minutes t o  11.7% a t  180 minutes. No p y r i d i n e  was found i n  t h e  product  
mix. 

The most s t a b l e  

Table I1 l i s t s  f o r  the  60 minute p y r o l y s i s ,  the  t o t a l  a l i p h a t i c  product  
y i e l d  (C, and h i g h e r )  f o r  a l l  of t h e  compounds reac ted .  
Tables  I and I1 gives  the  C,-C, y i e l d  from each of t h e  long cha in  compounds. 
The y i e l d s  a r e :  14.5% f o r  1-phenyl pentadecane, 13.1% f o r  1-phenyl 
te t radecane ,  16.0% f o r  2-pentadecyl p y r i d i n e ,  4.8% f o r  n-hexadecane. 10.3% 
f o r  2-methyl octadecane,  and 4.0% f o r  n- t r idecyl  cyclohexane. That 
s u b s t i t u t e d  p y r i d i n e s  and benzenes a r e  much more s u s c e p t i b l e  t o  p y r o l y s i s  can 
be seen by a comparison wi th  n-hexadecane. For a 1 5  minute p y r o l y s i s  62.5% 
of the  1-phenyl pentadecane, 64.02 of 1-phenyl te t radecane  and 53.5% of 
2-n-pentadecyl pyr id ine  remain, bu t  95.1% of  the n-hexadecane remains. F o r  a 
60 minute p y r o l y s i s ,  t h e  C,-C, y i e l d  from n-hexadecane was only  4.8%. 
same product t rend  i s  observed a s  f o r  the  o t h e r  compounds; t h e  n-alkane does 
not  equal  the  1-alkene y i e l d  u n t i l  approximately the  120 minute p y r o l y s i s  of 
the  n-hexadocane. A t  180 minutes t h e  n-alkanes predominate. Under the non- 
c a t a l y t i c  condi t ions  of the  experiment, i somer iza t ion  was n o t  expected and 
only s l i g h t  t r a c e s  of i somer iza t ion  were found. A t  180 minutes  f o r  the 
n-hexadecane, the  lower n-alkanes and 1-alkenes predominate (n-pentane 9.6% 
and 1-pentene 5.0%). F igure  1 shows t h e  decrease  i n  the  long c h a i n  componnds 
and t h e  concomitant dramatic  increase  i n  the  s h o r t e r  cha in  hydrocarbons f o r  
the  60 minute p y r o l y s i s  of 1-phenylpentadecane and 2-n-pentadecyl p y r i d i n e .  

A comparison of 

The 

The p y r o l y s i s  of 2-methyl octadecane proceeds a t  a f a s t e r  r a t e  than  n-hex- 
adecane. For a 15 minute p y r o l y s i s ,  77.1% of  the  2-methyl octadecane remains 
versus  56.6% a t  30 minutes. This  compares t o  95.1% and 15.9% r e s p e c t i v e l y  
f o r  the  n-hexadecane. The s t r a i g h t  cha in  hydrocarbons exceeded t h e  branched 
hydrocarbons by 2 t o  3 fo ld .  

S u b s t i t u t e d  cyclohexanes would a t  f i r s t  be expected t o  be cons iderably  
more r e a c t i v e  than s t r a i g h t  cha in  hydrocarbons. T h i s  was n o t  the  case,  how- 
ever .  For 1 5  minute p y r o l y s i s ,  87.3% of the n- t r idecyl  cyclohexane remains. 
The product d i s t r i b u t i o n  i s  a s  expected,  bu t  the  n-alkane does n o t  
approximate the  1-alkene y i e l d  u n t i l  120 minutes of p y r o l y s i s .  The long 
c h a i n  cyclohexane a l s o  produced the  lowest  C,-C,,yield (4.0%) f o r  t h e  60 
minute s t r e s s .  

The s u b s t i t u t e d  benzenes and p y r i d i n e s  d i d  not  y i e l d  e i t h e r  benzene o r  
p y r i d i n e .  However. n - t r idecyl  cyclohexane y i e l d e d  cyclohexane a s  w e l l  a s  
benzene, toluene,  and methyl cyclohexenes i n  apprec iab le  concent ra t ions .  

A m a t e r i a l  balance was run f o r  each compound. The main peaks of the 
chromatograms account f o r  approximately 85% of the  o r i g i n a l  compounds, The 
very  small  peaks account f o r  another  5-6%. It i s  a l s o  probable  t h a t  the 
remainder i s  e i t h e r  polymerized o r  p r e s e n t  a s  char .  The formation of 
i n s o l u b l e s  was not  n o t i c e a b l e  f o r  s h o r t  p y r o l y s i s  t imes.  A small  amount of 
i n s o l u b l e s  was noted f o r  the  120 and 180 minute p y r o l y s i s  t imes,  e s p e c i a l l y  
f o r  2-pentadecyl pyr id ine .  The product  d i s t r i b u t i o n  was r e p e a t a b l e  t o  2% 
r e g a r d l e s s  of whether a new s t a i n l e s s  s t e e l  tube o r  a p r e v i o u s l y  used but  
condi t ioned  tube was used. 
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DISCUSSION 

F-S-S behavior  p r e d i c t i o n s  a r e  fol lowed f o r  a l l  of t h e  compounds pyro- 
lyzed.  The f i r s t  members of t h e  n-alkane and 1 - o l e f i n  s e r i e s  a r e  formed i n  
smaller  amounts than t h e  second members. Low n-tetradecane (ok), n-penta- 
decane (0%)  and 1-pentadecene (0.2%) y i e l d s  f o r  a 30 minute s t r e s s  of n-hex- 
adecane, fo l low t r a d i t i o n a l  F-S-S theory.  The model a l s o  p r e d i c t s  equal  
amounts of hydrocarbons i n  t h e  in te rmedia te  cha in  l e n g t h  range,  a behavior  
observed f o r  severa l  cornpounds i n  these  experiments .  For n-hexadecane. t h e  
t o t a l  y i e l d  i n c r e a s e s  a t  60 minutes but  t h e  s h i f t  t o  lower carbon number (C,- 

C,) 
decomposition. 
a lkane reaching  14.596 f o r  t h e  180 minute s t r e s s  of n-hexadecane. 

i n d i c a t e s  product  i s  forming and then  undergoing secondary 
The t r e n d  is extended s i g n i f i c a n t l y  a t  longer  t imes wi th  C, 

The s i t u a t i o n  f o r  a romat ic  s u b s t i t u t e d  a lkanes  i s  d i f f e r e n t .  Pyr id ine  and 
benzene r i n g s  g r e a t l y  enhance f r e e  r a d i c a l  formation. For example, the 
percent  of 2-n-pentadecyl p y r i d i n e  decomposed i n  30 minutes i s  n o t  matched by 
the  n-hexadecane unt i l  a lmost  120 minutes .  The t o t a l  y i e l d  of hydrocarbon 
products  a t  30 minutes, 36.3% f o r  2-n-pentadecyl pyr id ine  i s  not  a t t a i n e d  by 
n-hexadecane a t  180 minutes. 
both 2-n-pentadecyl p y r i d i n e  and 1-phenyl pentadecane a r e  almost equal  b u t  a 
d i s t i n c t  C,, maxima i s  observed.  The C,, compounds a r e  a l s o  favored  a t  s h o r t  
r e a c t i o n  t imes.  The t o t a l  y i e l d  i n c r e a s e s  a t  30 and 60 minutes coupled w i t h  
a s teady decrease  i n  C,, and Cx,, compensated by a dramat ic  increase  i n  
C,-C,. 
s t r e s s  and t h e n  reversed .  A t  180 minute s t r e s s  t imes,  the  n-alkane + 
1-alkene sum approximates t h a t  of a 1 5  minute s t r e s s  f o r  bo th  compounds 
(Table I). These t r e n d s  i n d i c a t e  s i g n i f i c a n t  secondary decomposition a t  
longer  p y r o l y s i s  t imes.  

For a 1 5  minute s t r e s s ,  the C,-C,, y i e l d s  f o r  

The combined n-alkane + 1-alkene y i e l d  increased  up t o  a 60 minute 

A p y r o l y s i s  mechanism c o n s i s t e n t  with t h e  observed product  d i s t r i b u t i o n  
can be p i c t u r e d  a s  fo l lows  f o r  l -phenyl  pentadecane. 
minute p y r o l y s i s  i s  shown below each  compound. The same mechanism would 
apply f o r  a long c h a i n  s u b s t i t u t e d  p y r i d i n e .  

The y i e l d  % f o r  a 1 5  

0.7% 2.0% 

3 .3% 
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0.0% 0.1% 

0.3% 

0.0% 
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0.0% 

Bond-scission r e a c t i o n s  i n i t i a t e  ( o r  a r e  the  f i r s t  s t e p s  i n )  t h e  mechanisms 
of  the  thermal p y r o l y s i s  of hydrocarbons. 

The s u b s t i t u t e d  benzenes produced i n  r e a c t i o n s  a t o  e a l l  thermally form 
v i a  f r e e  r a d i c a l s ;  s l p h a  i n  s t e p  a ,  gamma i n  s t e p s  b-c, b e t a  i n  s t e p s  d-e and 
on a l l  o ther  carbons of the alkane s i d e  chain.  This  i s  followed by beta-  
s c i s s i o n  r e s u l t i n g  i n  t h e  product mix shown f o r  s t e p s  a-e. 

The f r e e  r a d i c a l  can be formed randomly on any carbon of t h e  s ide  cha in  a s  
can be seen i n  the  product  breakdown. While most s u b s t i t n t e d  benzenes a r e  
observed a t  s h o r t  p y r o l y s i s  t imes,  toluene predominates a t  a l l  t imes 
i n d i c a t i n g  t h e  gamma p o s i t i o n  i s  t h e  most vu lnerable  t o  p y r o l y s i s  and t h a t  
w i t h  increas ing  p y r o l y s i s  time secondary p y r o l y s i s  s t e p s  a r e  of major 
importance. 

The pyr id ine  s u b s t i t u t e d  a lkenes  s r e  formed i n  cons iderable  y i e l d  a t  s h o r t  
p y r o l y s i s  t imes,  b u t  a f t e r  30 minutes. the  o l e f i n  concent ra t ion  drops t o  
zero.  The pyr id ine  s u b s t i t u e n t  enhances t h e  f r e e  r a d i c a l  breakdown of t h e  
o l e f i n .  This  i s  not  a s  dramatic  f o r  t h e  benzene d e r i v a t i v e s .  The 
s u b s t i t u t e d  o l e f i n s  decrease,  bu t  only approach z e r o  a t  180 minutes of 
p y r o l y s i s .  As p y r o l y s i s  t imes increase ,  the  s u b s t i t u t e d  a lkanes  decrease i n  
cha in  length  wi th  2-methyl pyr id ine  and 2-ethyl pyr id ine  u l t i m a t e l y  being t h e  
major products .  With the  s u b s t i t u t e d  benzenes, toluene and s tyrene  a r e  t h e  
major products  a t  longer  p y r o l y s i s  t imes.  
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For 1-phenyl pentadecane. to luene  i n c r e a s e s  from 3.3% a t  a 1 5  minute S t r e s s  
t o  14.9% f o r  a 180 minute s t r e s s .  For 1-phenyl te t radecane ,  the  toluene 
y i e l d  i n c r e a s e s  from 3.22 a t  1 5  minutes  t o  14.8% f o r  a 180 minute s t r e s s .  
The s teady  bui ldup of t h e  toluene y i e l d  i s  reasonable  s ince  i t  has  been found 
t o  be extremely r e s i s t a n t  t o  p y r o l y s i s  a t  temperatures  below 9OOOC (11) .  It 
is, however, q u i t e  r e a c t i v e  i n  t h e  1200-15OOOC temperature  range.  These 
temperatures  f a r  exceed any i n  t h e  p r e s e n t  s tudy.  This  thermal s t a b i l i t y  i s  
no t  d i sp layed  by any of t h e  o t h e r  longer  c h a i n  s u b s t i t u t e d  benzenes. 

For 2-n-pentadecyl p y r i d i n e ,  on ly  two s u b s t i t u t e d  p y r i d i n e s  (2-methyl and 
2-ethyl) were found t o  be p y r o l y s i s  r e s i s t a n t  a t  these  experimental  
condi t ions .  

The C,-C, product d i s t r i b u t i o n  was determined f o r  the  60 minute p y r o l y s i s  
only.  This was t h e  s t r e s s  time a t  which t h e  n-alkane + 1-alkene sum was 
maximized. Table I1 i l l u s t r a t e s  t h e  C, and h igher  sum of the  n-alkanes + 
1-alkenes. 
approximately 14% f o r  the  s u b s t i t u t e d  benzenes. The C, and C, y i e l d s  a r e  
approximately equal (2-38). The t o t a l  n-alkane + 1-alkene y i e l d  percentage  
was 34.1% f o r  1-phenyl pentadecane.  31.9% f o r  2-n-pentadecyl p y r i d i n e ,  and 
32.5% f o r  1-phenyl te t radecane .  

The C,-C, y i e l d  was 16% f o r  t h e  s u b s t i t u t e d  p y r i d i n e s  and 

2-Methyl octadecane was found t o  be s i g n i f i c a n t l y  l e s s  r e a c t i v e  than t h e  
p y r i d i n e  o r  benzene s u b s t i t u t e d  a lkanes .  It i s  more r e a c t i v e  than t h e  
n-hexadecane. This  i s  reasonable  s i n c e  the  2-methyl octadecane product  
d i s t r i b u t i o n  could be expla ined  by the p r e f e r e n t i a l  a t t a c k  on the  t e r t i a r y  
hydrogen, the weakest C-H bond. 
was q u i t e  s i m i l a r  t o  the  n-hexadecane. 

The t o t a l  product  d i s t r i b u t i o n  (C, and up)  

S u b s t i t u t e d  cyclohexanes would be expected t o  be l e s s  r e a c t i v e  than e i t h e r  
the  pyr id ines  o r  the benzenes. S u r p r i s i n g l y ,  i t  was a l s o  l e s s  r e a c t i v e  than  
n-hexadecane o r  2-methyl octadecane a t  p y r o l y s i s  t imes of 60 minutes and 
l e s s .  The products  o t h e r  than  t h e  n-alkanes and 1-alkenes include toluene,  
benzene, and methyl cyclohexenes. The lower than  expected conversion i s  due 
t o  s e l f  i n h i b i t i o n  by the methyl cyclohexenes.  Cyclohexene has  been used by 
s e v e r a l  au thors  a s  a f r e e  r a d i c a l  scavenger  ( 1 2 ) .  A t  s h o r t  p y r o l y s i s  t imes 
t h e  methyl cyclohexene s t a r t s  a s teady  bui ldup.  A s  i t s  concent ra t ion  
i n c r e a s e s ,  aromatic compounds b e g i n  t o  appear .  It would seem t h a t  these  
aromatic  compounds a r e  the  secondary products  which a r e  formed from the  
decomposition of t h e  s u b s t i t u t e d  cyclohexenes.  That toluene was t h e  only 
s u b s t i t u t e d  benzene formed was not  s u r p r i s i n g  based on i t s  s t a b i l i t y  and t h e  
observed toluene y i e l d  from t h e  p y r o l y s i s  of t h e  1-phenyl pentadecane. 
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1-Phenylpen tadecane 

h 

TABLE I 

Alkane and Alkene % Yield froil Pyrolysis 

1-Phenyltetradecane 

15 4.2 10.1 8.0 3.6 62.5 
30 5.2 13.1 11.7 4.9 35.0 
60 9.3 10.3 20.9 4.4 8.7 
120 10.9 7.3 17.5 6.3 3.0 
180 9.3 3.8 18.4 8.1 1.0 

h 

2 

2-Methyl Octadecane 

(branched) 

15 0.6 1.3 0.7 0.1 77.1 
30 2.6 6.9 1.0 3.4 56.6 
60 7.8 12.4 2.2 6.0 34.9 
120 12.4 6.5 4.1 3.9 8.0 
180 6.8 6.6 3.0 1.7 4.7 

n-Alkane 

1-Alkene 

TOTAL 

n-Alkane 

1-Alkene 

TOTAL 

2.7 8.0 7.1 2.6 64.0 
5.7 12.9 14.1 4.5 35.4 
9.0 10.4 19.6 5.7 7.2 
9.2 8.6 20.5 6.6 4.5 
9.5 3.4 17.9 8.9 1.4 

n-Tridecyl Cyclohexane 

(Subsc.) 

0.1 0.1 0.6 0.1 87.3 
5.2 8.6 3.5 5.6 79.6 
5.3 10.7 3.6 6.1 42.0 
9.6 9.5 6.3 4.2 12.6 
9.3 5.1 6.1 2.5 3.7 

2-Pentadecyl Pyridine 

10.9 9.0 12.8 3.6 25.4 
11.0 10.9 15.5 0.1 12.0 
10.9 7.6 18.0 0.0 3.3 
6.7 2.6 18.5 0.0 0.1 

Heradecane 

0.2 1.9 95.1 
2.4 10.8 75.9 

10.3 17.6 33.6 
13.0 15.1 17.5 
22.0 10.6 5.7 

TABLE I1 

Tocel n-Alkane and 1-Alkene * 7, Yields for a 60 Minute Pyrolysis 

1-Phenyl 1-Phenyl 2-Pentadecyl 
Pentadecane Tetradecane Pyridine 

16.4 15.9 20.0 

17.7 16.6 17.9 

34.1 32.5 37.9 
- 

2-Methyl n-Tridecyl 
Hexadecane Octadecane Cyclohexane 

13.2 13.3 7.7 

19.5 17.2 12.3 

32.7 30.5 20.0 

Unsubstituced only (C, and higher) 
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Petrochemicals from O i l  Shale 
V ia  One-Step Py ro l ys i s  

Z.C. Mester, C.C.J. Shih, G. Dolbear 
and S .  Sack 

Occidental  Research Corporation 
P.O. Box 19601, I r v i n e ,  CA 92713 

In t roduc t i on  

I n  the search f o r  a l t e r n a t i v e  feedstocks f o r  the  product ion o f  pe t ro -  
chemicals, o i l  shale emerged as an important candidate. The la rge  
deposits o f  o i l  shale i n  Colorado seem t o  be we l l  su i ted  t o  the  manufact- 
u r e  o f  l i g h t  a l i p h a t i c s  s ince  i t s  organic H/C  (atomic) r a t i o  i s  r e l a t i v e l y  
high (1.5-1.6) and i t s  kerogen i s  r i c h  i n  a l i p h a t i c  components (7040%) .  

The two major rou tes  t o  convert  o i l  shale i n t o  petrochemicals are shown i n  
Figure 1. For t h e  one-step p y r o l y s i s  t h e  most extensive previous s tud ies  
were c a r r i e d  out by researchers at  the Bureau o f  Mines i n  the f i f t i e s  
( 1 - 5 ) .  The i r  work focused on gasoline.manufacture but they also measured 
t h e  y i e l d s  o f  l i g h t  hydrocarbons. Other sources also ind ica ted  the  
generat ion o f  ethylene v i a  shor t  residence t ime py ro l ys i s  ( 6 )  and 
employing ox ida t i ve  py ro l ys i s  (7 ) .  

Two-step py ro l ys i s  received f a r  more a t ten t i on  than the  one-step because 
it r e l i e s  heav i l y  on convent ional ,  crude o i l  based technologies (8,9). 
The p o t e n t i a l  o f  t h i s  method fo r  the petrochemical indus t ry  i s  we l l  
documented i n  recent p u b l i c a t i o n s  (10-12). We decided t o  undertake a 
study o f  t he  one-step py ro l ys i s  s ince we f e l t  t h a t  it was lack ing  a f resh, 
systematic i nves t i ga t i on  and we wanted t o  evaluate i t s  economic 
po ten t i a l .  

Experiment a1 

For the  experimental study Anv i l  Po in t  I 1 1  o i l  shale was selected. Some 
o f  i t s  pe r t i nen t  a n a l y t i c a l  da ta  are presented i n  Table 1. 

The experiments were conducted i n  a labora tory  py ro l y i s  apparatus which 
was designed fo r  t o t a l  mass capture (F igure  2 ) .  

I n  a t y p i c a l  run  the  pu lver ized  o i l  shale (120--140 mesh) was fed from a 
screw feeder, mixed w i th  the  c a r r i e r  gas (n i t rogen  o r  carbon d iox ide) ,  and 
passed through the  py ro l ys i s  zone. - Spent shale and t a r s  were separated 
from the  gases and the  gas was c o l l e c t e d  i n  a bu re t te  by water displace- 
ment. 
f o r  analysis.  
l ines,  d i d  not reach the  bure t te ,  samples were also taken a t  the sol id/gas 
separator. 

A t  the  end of the  run  the  gas was pressure equalized and sampled 
Since some f r a c t i o n  o f  t h e  gas, even a f t e r  purging the  

The y i e l d s  were ca lcu la ted  by combining these two analyses. 
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The analyses were c a r r i e d  ou t  by gas chromatographic techniques. 
determinations were done fo r  C,-C a l i p h a t i c s  and aromatics. Since the  
samples were taken a t  the  end of t h e  runs the r e s u l t s  represented average 
y i e l d s  and d i d  no t  reveal changes dur ing  the experiment. 

Prel iminary work revealed t h a t  the  o i l  shale feed ra tes  had an e f f e c t  on 
the  y ie lds .  Y ie lds  increased w i t h  decreasing feedrates u n t i l  they 
s t a b i l i z e d  a t  around 0.1 gsec-1. 
the  temperature changes dur ing pyro lys is ;  a t  h igher  feed ra tes  temperature 
drops were 15-20% wh i le  w i t h  0.1 gsec-1 they d i d  no t  exceed 2-3%. 
Apparently heat t rans fe r  ra tes  opt imized on ly  a t  low feed rates.  
h igher feed ra tes  the p a r t i c l e s  formed agglomerates which resu l ted  i n  l e s s  
favorable heat t r a n s f e r  condi t ions;  
unsteady.) 

Separate 

This phenomenon was a lso  r e f l e c t e d  i n  

( A t  

t he re fo re  the y i e l d s  were a1 so 

Resul ts 

Yields o f  py ro l ys i s  products were i nves t i ga ted  as func t ions  o f  temper- 
ature, residence time and c a r r i e r  gas. I n  order t o  est imate the proper 
range f o r  the residence time, heat t r a n s f e r  ca l cu la t i ons  were c a r r i e d  ou t  
f o r  a ser ies o f  p a r t i c l e  s izes assuming spher ica l  shapes. The ca lcu la -  
t i ons  showed t h a t  the expected residence times were l ess  than 2 sec f o r  
p a r t i c l e s  between diameters o f  5x10-5 a'nd 2.5xlO-'+ m. 

Our experimental s t ra tegy  consisted o f  a two-level f a c t o r i a l  and a 
quadrat ic model. 
The y i e l d s  o f  the  major p y r o l y s i s  products a t  the proper combinations o f  
t he  fac to r  l e v e l s  are shown i n  Table 3. 

We a lso  i d e n t i f i e d  o ther  products (propane, C5 a l i pha t i cs ,  toluene, xylene, 
etc.)  bu t  d i d  no t  determine amounts quan t i t a t i ve l y .  
r e s u l t s  f o r  the  two- level  f a c t o r i a l  design (Exp 1-8 i n  Table 3) revealed 
t h a t  t h i s  model was inadequate. This prompted us t o  augment i t  t o  a f u l l  
quadrat ic design (Exp 9-14 i n  Table 31, which had the  fo l l ow ing  general 
form: 

The fac to rs  and t h e i r  l e v e l s  are depicted i n  Table 2. 

Inspec t ing  the  

The prec is ion  o f  the data are r e f l e c t e d  by experiment 15, 16 and 17 which 
were rep l i ca te  runs. 
each product except propylene. 
p l o t t e d  as func t ion  o f  temperature (x,) and residence time (x ) a t  three 
l e v e l s  o f  the c a r r i e r  gas (x, = lOO%N,, 50/50% N,/CO,, 100% C6,). 

These cross sect ions o f  the experimental space provided a v isua l  repre- 
senta t ion  o f  the y i e l d  d i s t r i b u t i o n  and showed the  h ighes t  y i e l d  regions. 

For ethylene the maximum y i e l d s  (60.3-64.5 l bs / ton  shale) were computed t o  
be between 850-980°C w i t h  l ess  than 0.8 sec residence time a t  100% 

The r e l a t i v e  e r r o r s  were less  than 10 percent f o r  
The r e s u l t i n g  equations were computer 
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n i t rogen (Figure 3 ) .  
confirmed the y i e l d s  a t  60.6 and 62.4 l bs / ton  shale. 
maximum region dec l ined f o r  the  two other  l e v e l s  of the c a r r i e r  gas by 
about 8 percent per l e v e l .  
t ewera tu res  and longer residence times i n  accord w i t h  experience t h a t  
ethylene i s  consumed under such cond i t ions .  

For methane the h ighes t  y i e l d  reg ion  (52.3-55.4 l bs / ton  shale) was between 
880-1070°C w i th  more than 0.9 sec residence t ime and a t  100% n i t rogen 
leve l .  The y i e l d s  decreased by only about 3 percent per  l e v e l  f o r  t he  
other l e v e l s  o f  the  c a r r i e r  gas. 
temperatures and shor t  residence times. 

Ethane y i e l d s  were h ighes t  (6.8-7.4 l bs / ton  shale) a t  low temperatures 
(<72OoC) and longer  residence t imes (>1.2 sec). 
w i t h  respect t o  c a r r i e r  gas. The lowest y i e l d  region was ind i ca ted  a t  
h igher temperatures and longer  residence times. 

Maximum acetylene y i e l d s  (7.8-8.5 lbs / ton  shale) were computed f o r  h igh  
temperatures (>lOOO°C) and sho r t  residence times (<0.6 sec). The y i e l d s -  
s i m i l a r l y  t o  those o f  ethane - were no t  sens i t i ve  t o  the c a r r i e r  gas. 
y i e l d s  changed 1 i n e a r l y  with temperature and residence time reaching 
minimum values a t  l o w  temperatures and -long residence times. 

For  propylene the  h ighes t  y i e l d  reg ion  (27.0-28.7 l bs / ton  shale) was a t  
low temperatures (<72OoC) and sho r t  residence times (<0.3 sec) a t  100% 
n i t rogen leve l .  The y i e l d s  dec l ined on ly  s l i g h t l y  f o r  the o ther  l e v e l s  o f  
t he  c a r r i e r  gas (about 3% per l e v e l ) .  The y i e l d s  decreased w i t h  
inc reas ing  temperature and residence time. 

C, products showed a s i m i l a r  d i s t r i b u t i o n  p a t t e r n  t o  t h a t  o f  propylene. 
Maximum y i e l d s  (38.2-40.6 l bs / ton  shale) were i nd i ca ted  a t  lower 
temperatures (<720°C) and shor t  residence times (<0.3 sec). 

Benzene displayed a bimodal p l o t  w i th  maximum y i e l d s  above 900°C and a t  
both shor t  (- 0.2 sec) and long  (- 1.5 sec) residence times. 
y i e l d s  (19.4-20.4 l bs / ton  shale) were computed f o r  the  50/50 mix ture  o f  
n i t rogen and carbon-dioxide and the  y i e l d s  decl ined by about 30 percent 
f o r  the two o ther  l eve l s  o f  the c a r r i e r  gas. 

Table 4 shows the  conversion o f  kerogen t o  ethylene, t o t a l  hydrocarbons 
and the conversion of carbonates. The h ighes t  conversion t o  ethylene was 
17 percent and t o  hydrocarbons 42 percent (Exp. 4). Based on the  H/C 
r a t i o  of the feedstock (Table I ) ,  t h e o r e t i c a l l y  84 percent o f  i t  could be 
converted t o  ethylene. The h ighes t  measured y i e l d  corresponded t o  20 
percent o f  t h i s  l i m i t .  

To determine the ex ten t  o f  carbonate decomposition i s  important because i n  
one-step py ro l ys i s  raw o i l  shale i s  processed and carbonate ( c a l c i t e ,  
dolomite etc.) decompositions represent a heat s ink which can adversely 
inf luence the  economics o f  the process. 

We c a r r i e d  out two experiments i n  t h i s  region and 
Yields i n  the  

The lowest y i e l d s  were i nd i ca ted  a t  h igh  

The y i e l d s  decreased toward lower 

Ethane showed no change 

The 

The h ighes t  
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Carbonate decompositions seemed t o  depend on a l l  th ree  fac to rs  and var ied  
from 2.3% (Exp. 9) t o  74.2% (Exp. 3 ) .  
runs where carbon d iox ide  was the  c a r r i e r  gas (Exp. 5,6,7 8 and 14) less  
decomposition took place than i n  runs c a r r i e d  out w i t h  n i t rogen (Exp. 
1,2,3,4 and 13.) This can be explained by the  excess concentrat ion o f  
carbon dioxide which s h i f t e d  the carbonate decomposition e q u i l i b r i a  back 
toward the reactants. 
conservat ively t h a t  a l l  carbonate was decomposed. 

The data a lso  show t h a t  i n  those 

I n  the  accompanying economic ana lys is  we assumed 

Economics 

The experimental r e s u l t s  provided the  i n p u t  f o r  an economic eva lua t ion  
focusing on ethylene as the  main product. 
and the breakdown o f  the  economics are shown i n  Table 5 and Table 6. I n  
the  process we envisage t o  apply Occidental 's  patented py ro l ys i s  system 
(13). 

The t o t a l  c a p i t a l  investment was est imated t o  be $737 MM f o r  the  p l a n t  
producing 871 MM l b s  ethylene/year. 
f o r  mid 1982 from present market p r ices .  

I n  the evaluat ion mined shale was considered a t  zero cost. 
t h a t  we assumed t h a t  the  process w i l l  be associated w i t h  Occidental 's  
mod i f ied  i n  s i t u  r e t o r t i n g  technology r e q u i r i n g  t h a t  20-25% of the  o i l  
shale has t o  be mined out. 

I n  our analysis we assumed 296/lb ethylene p r i c e  and t h i s  gave 20% DCF- 
R O I .  W i t h  256/1b ethylene p r i c e  the  DCF-ROI i s  18%, s t i l l  an a t t r a c t i v e  
value. 

As a f i n a l  comment, we r e a l i z e  t h a t  a more r e a l i s t i c  economic eva lua t ion  
should consist  o f  a comparative ana lys is  i nc lud ing  &o-step pyro lys is ,  
aboveground re to r t i ng ,  and d i r e c t  u t i l i z a t i o n  o f  o i l  shale i n  energy pro-  
duc t ion  (such as f l u i d i z e d  bed combustion). 
Conclusions 

Short residence time py ro l ys i s  o f  f i n e l y  ground o i l  shale produces low 
molecular weight a l i p h a t i c s  and aromatics. 
successful ly determined the optimum y i e l d  regions f o r  several p y r o l y s i s  
products as func t ion  o f  temperature (70O-110O0C1, residence time (0.2-1.5 
sec) and two c a r r i e r  gases (n i t rogen  and carbon d iox ide) .  
o f  a p lan t  based on one-step p y r o l y s i s  was a lso  evaluated and suggested 
a t t r a c t i v e  p r o f i t a b i l i t y .  

The bas is  f o r  the  cos t  est imate 

The byproduct c r e d i t s  were pro jec ted  

The reason was 

An experimental design study 

The economics 
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I Table 1 

Factors 

Temperature (x, ) 

C a r r i e r  Gas ( x g )  

Residence Time (x, 

ORGANIC CONTENT OF THE FEEDSTOCK (wt  %) 

Levels 

Low High 

700 1100 ("C) 

0.2 1.5 (sec) 

N2 co2 

\ 

Carbon 

Hydrogen 

S u l f u r  

13.03 

1.82 

0.23 

Nitrogen 0.58 

H/C (atomic)  1 .68 

Kerogen (exc l  udi ng oxygen) 15.7 

F i  scher Assay 28 gal 1 on/ton 

Table 2 

FACTORS AND LEVELS ESTABLISHED FOR THE EXPERIMENTAL MODELS 
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Table 3 

RE~CTIOW CONDITIONS AND PRODUCT YIELDS 

1 
2 
3 
4 
5' 
64 
7 
8 
9 
10 
I1 
12 
13 
14 
I5 
16 
17 

825 
815 
989 
1013 
196 
829 
992 
1015 
699 
910 
1090 
904 
915 
w3 
910 
908 
913 

.2 
1.5 
1.5 
.2 

0.2 
1.5 
1.5 
.2 
.7 
1.5 
.7 
.2 
.7 
.7 
.85 
.85 
.85 

Average o f  ho experiaents 

22.2 
49.0 
50.2 
39.8 
22.8 
34.9 
41.5 
36.3 
13.9 
54.4 
42.6 
26.1 
45.2 
46.0 
49.8 
50.1 
52.7 

1.2 50.3 
.7 53.6 

5.5 30.7 
9.8 58.4 
0.9 36.2 
0.7 45.5 
5.4 28.3 
12.8 41.6 

.I 26.6 
2.3 43.3 
5.9 7.9 
3.0 54.7 
3.1 59.2 
3.0 51.6 
3.2 55.8 
2.9 55.1 
3.2 56.6 

Table 4 

5.2 
6.0 
1.0 
1.4 
4.6 
5.9 
.9 
.6 
5.6 
1.7 
.1 
3.7 
2.5 
2.0 
1.7 
2.1 
1.9 

19.5 23.7 7.0 1.7 8.6 
7.1 4.6 10.4 3.6 17.2 
7.1 1.9 13.9 9.9 110.6 
16.9 3.9 14.9 6.1 71.9 
21.5 26.5 6.3 1.2 15.9 
14.5 11.3 11.0 2.3 14.5 
8.3 1.9 15.9 9.2 112.1 
15.3 4.3 10.0 5.1 121.2 
18.5 25.8 4.1 .6 13.4 
1.8 2.8 22.2 5.6 60.1 
2.9 .4 14.5 13.5 204.7 
15.8 19.6 20.0 2.2 27.7 
3.3 5.3 7.3 4.4 30.1 
4.0 6.1 12.4 1.7 33.6 
1.4 4.7 13.1 5.3 41.2 
3.0 4.4 12.5 5.0 42.0 
2.3 1.2 12.7 5.4 44.0 

COWERSIOIl C6 KEROGEN AltD CARBONATES 

To Ethylene 
Exp.t I 

1 14.6 
2 15.5 
3 8.9 
4 17.0 
5 10.5 
6 13.2 
1 8.2 
8 12.1 
9 7.7 
10 12.6 
11 2.3 
12 15.9 
13 17.2 
14 15.0 
15 16.2 
16 16.0 
17 16.4 

To Total  
Iiydroca rbons' 

I 

37.4 
38.1 
32.0 
42.1 
34.4 
35.9 
31.4 
35.1 
27.4 
37.3 
21.5 
41.4 
36.5 
36.3 
37.6 
37.7 
38.7 

Carbonate 
Conversion 

I 

21.7 
54.0 
74.2 
57.5 
20.3 
19.0 
66.2 
50.4 
2.3 
48.9 
41.1 
30.4 
41.9 
33.2 
46.5- 

1 

'Hydrocarbons fran Table 3. 
-Average of Exp. 15. 16 and 17. 
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Table 5 

BASIS FOR PRODUCTION COST ESTIMATION 

Start-up: 
P lan t  Capacity: 

Shale Grade: 
Operating time: 
P ro jec t  l i f e :  
Construct ion per iod  = 
Federal Tax 
Tax c r e d i t  
Depreciat ion method = 
Construct ion pe r iod  = 
Sales Bui 1 d-up 

- - - 

- 

M i  d-1982 
40,000 tons o i l  shale/day 
871 MM l b  ethylene/year 

28 ga l lons  per t o n  
7920 hours per year  
15 Years 
3 years 
50% 
10% 
Sum o f  year  d i g i t s ,  11 years  
3 years 
3 years, i n i t i a l  f r a c t i o n  o f  f u l l  

capaci ty = 60% 

Tab1 e ' 6 

ETHYLENE FROM OIL SHALE, PRELIMINARY ECONOMIC DATA 

Estimated Fixed Cap i ta l  Investment $ 737,000 M 

Annual Fixed Costs 
Operating Labor (24 s h i f t  pos i t i ons )  $ 5,590 M 
Maintenance (4.5% Fixed Cap i ta l  $ 33,330 M 
P lan t  Overhead S 5,472 M 
Local Tax and Insurance (2.5% Fixed Cap i ta l )  $ 18,425 M 

E l e c t r i c i t y  (5k per KwH) $ 19,031 M 
Annual Var iable Costs 

Annual Byproduct C red i t  
Mined shale (30.3 l b  shale/ lb ethylene) ---- 
Propylene (64.5 MM l b ,  25&/lb) -6 16,125 M 
Fuel Gas (3.9 x106 MM BTU, $5 /W BTU) -6 19,550 M 
C . Stream (56.6 MM l b ,  18&/1b) -$ 10,188 M 
Bhc (331 MM lb ,  23&/ lb)  -$ 76,130 M 
Heavy Fuel O i l  (218 MM lb ,  64 / lb )  -$ 13,080 M 

Sales, General and Admin is t ra t i ve  (2% sa le )  $ 5,052 M, 
Gross Ethylene Revenue (871 MM lb ,  29&/ lb)  $ 252,590 M 
Annual Capi ta l  Charges $ 300,763 M 

P r o f i t a b i l i t y  (Oiscount Cash Flow-Return on Investment) 20% 
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Figure I 

UAIS m CONVERT OIL SHALE TO CHENICALS 

1) One-Step Pyrolysis  

Ethylene 

Benzene 

Uquids 
Grf d i n g  

1 1  
Fuel GdS Spent 

m a l e  

2) Ttm-Step Pyrolysis  

I 

-- Surface 

Retorting 

Spent 
Shale 

Figure 2 

PYROLYSIS APPARATUS 

I Gas I n l e t s  

2 Furnace 

3 Scren feeder 

4 Vdrfdble Speed WCOr 

5 Sol ld lgas  Separator 

6 Gas co l l ec t ion  burette  

6 

7 tc sampling port 

5 17 
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Figure 3 
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A COALIFICATION MODEL 

Herman P. Ruyter  

KONINKLIJKE/SHELL-LABORATORIUM, AMSTERDAM 
( S h e l l  Research B.V.) 

P.O.  Box 3003, 1003 AA AMSTERDAM, t h e  Nether lands  

I 
A b s t r a c t  

A s e r i e s  of low-rank m a t e r i a l s ,  r a n g i n g  from biomass waste  t o  subbitumi- 
nous c o a l ,  have been s u b j e c t e d  t o  hydro thermal  c o a l i f i c a t i o n ,  i .e .  h e a t  t rea tment  I 

i n  an au toc lave  wi th  water .  The r e s u l t s ,  t o g e t h e r  wi th  r e l e v a n t  l i t e r a t u r e  d a t a ,  
c o v e r  a wide f i e l d  of  r e a c t i o n  c o n d i t i o n s :  t empera tures  from 120 t o  390 OC and 
r e s i d e n c e  p e r i o d s  from 1 minute  t o  s i x  months. 

Using o v e r a l l  k i n e t i c s ,  t h e  p r o g r e s s  of hydrothermal  c o a l i f i c a t i o n  i n  
terms of  t h e  e v o l u t i o n  of carbondioxide  a s  a f u n c t i o n  of t h e  c o n d i t i o n s  has  been 
expressed  i n  a s imple  model. Low r a n k  m a t e r i a l s  can  be d e s c r i b e d  i n  terms of prop- 
e r t i e s  t h a t  can be ga thered  i n t o  g e n e r a l  r e l a t i o n s h i p s  which hold  over  wide 
r a n g e s .  Over t h e  range from biomass t o  subbi tuminous c o a l ,  where c o a l i f i c a t i o n  
mainly impl ies  t h e  e v o l u t i o n  of  water  and carbon d i o x i d e ,  t h e  convers ion  model 
a l lows  the  p r e d i c t i o n  of t h e  enrichment  of a m a t e r i a l  on t h e  b a s i s  of feeds tock  
p r o p e r t i e s  and t h e  c o n d i t i o n s  a p p l i e d .  

1. INTRODUCTION 

Coal g e n e s i s ,  t h e  t r a n s f o r m a t i o n  from p l a n t  waste t o  b l a c k  c o a l ,  i s  
governed by l a r g e  numbers of p r o c e s s e s  of po lymer iza t ion ,  d e g r a d a t i o n  and c o a l i f i -  
c a t i o n .  The s tudy  of c o a l  g e n e s i s  h a s  a long h i s t o r y .  Experiments  i m i t a t i n g  c o a l i -  
f i c a t i o n  by s u b j e c t i n g  a m a t e r i a l  t o  h e a t i n g  wi th  water  under  p r e s s u r e  were f i r s t  
r e p o r t e d  by Bergius  (1) i n  1913. H e  c a l l e d  i t  hydrothermal  c a r b o n i z a t i o n ,  ob ta ined  
a b lack  product  and d e f i n e d  t h e  type  of r e a c t i o n  t o  be only  v a l i d  up t o  a c e r t a i n  
degree  of c o a l i f i c a t i o n  ("Endkohle") . 

Bergius '  s t o r y  was amended l a t e r  by v a r i o u s  r e s e a r c h e r s .  Thus, 
van Krevelen ( 2 , 3 )  proved t h a t  p l a n t  s p e c i e s  of a c e r t a i n  n a t u r e  could g i v e  speci-  
f i c  recognizable  l i t h o t y p e s  i n  t h e  c o a l  product  and t h a t  t h e  medium a f f e c t s  t h e  
r e s u l t .  Kreulen ( 4 , 5 )  showed t h a t  i n s t e a d  o f  one r e a c t i o n ,  s e v e r a l  c h a i n s  of 
chemical  r e a c t  i o n s  a r e  involved ,  w i t h  t h e i r  own i n t e r m e d i a t e  products .  Moreover, 
h e  found t h a t  t h e  carbon d i o x i d e  q u a n t i t y  evolved exceeded by f a r  t h e  amount pre-  
d i c t a b l e  on t h e  b a s i s  of t h e  c a r b o x y l a t e  c o n t e n t  of t h e  feed ,  on t h e  b a s i s  of 
which h e  s t a t e d  t h a t  t h e r e  w a s  more than  only  d e c a r b o x y l a t i o n .  Le ibniz  (6) found 
t h e  importance of H20 ( e i t h e r  s team o r  water )  f o r  t h e  mechanism of t h e  r e a c t i o n .  
Compared wi th  p r e s s u r i z e d  s team h e a t i n g  over  t h e  same t i m e  i n t e r v a l s ,  d r y  h e a t i n g  
gave h a r d l y  any r e s u l t .  T e r r e s  (7) proposed t o  use  and manipula te  t h i s  process  f o r  
upgrading and f o r  a c h i e v i n g  a b e t t e r  coking performance of t h e  product .  G i l l e t  (8) 
summarized t h e  s t a t e  of  t h e  a r t  and made an a t tempt  a t  g e n e r a l i z a t i o n ,  which, i t  
should be added was not  too  s u c c e s s f u l  due t o  t h e  e x c e s s i v e  number of  v a r i a b l e s .  

Summarizing, we may say  t h a t  up t o  t h e  s t a g e  of subbi tuminous c o a l s ,  
p l a n t  m a t e r i a l s  i n  a wet medium can degrade t o  evolve  mainly CO2 and H20. The pro- 
c e s s  has  been looked a t  f r e q u e n t l y ,  a t  l e a s t  i n  a q u a l i t a t i v e  way. Q u a n t i f i c a t i o n  
h a s  been s c a r c e .  T h i s  may be due t o  t h e  absence of s i n g l e  pure  compounds and 
proper  s i n g l e  chemical  r e a c t i o n s ,  making i t  v i r t u a l l y  imposs ib le  t o  e s t a b l i s h  a 
mechanism as a b a s i s  f o r  k i n e t i c  measurement and c a l c u l a t i o n s .  
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A s  a by-pass we have now r e p l a c e d  t h e  chemis t ry  by a macro approach.  We 
found t h a t  f o r  t h e  s a t u r a t e d  steam t r e a t m e n t ,  w i t h i n  c e r t a i n  l i m i t s ,  a few f a c t o r s  
may be assumed c o n s t a n t .  One of t h e s e  i s  t h e  molar r a t i o  of  CO2 t o  H 2 0  formed, 
which g ives  a l i n k  t o  t h e  C-H-0 r e l a t i o n  and t h e  g r o s s  "chemical reac t ion" .  This  
a l lows  a d e s c r i p t i o n  o f  t h e  "conversion" i n  terms of t h e  change i n  oxygen content  
of a m a t e r i a l .  I 

Proper ty  

We der ived  g e n e r a l  r e l a t i o n s h i p s  between some f u e l  p r o p e r t i e s  over  t h e  
r e l e v a n t  range of m a t e r i a l s ,  which can be expressed i n  terms of t h e  oxygen content  
as  Well. W i t h  t h e s e  r e l a t i o n s ,  t h e  change of  p r o p e r t i e s  can be p r e d i c t e d  a long  t h e  
c o a l i f i c a t i o n  pa th .  i 

U n i t  

2 .  RELATIONS BETWEEN PROPERTIES FOR BIOMASS, PEAT, BROWN COAL AND SUBBITUMINOUS 
COAL - 

Low rank  m a t e r i a l s  (LRM) a r e  h e r e  taken  t o  mean m a t e r i a l s  formed by pho- 
t o s y n t h e s i s ,  which by a v a r i e t y  o f  p r o c e s s e s ,  e v e n t u a l l y  t u r n  i n t o  b lack  c o a l .  The 
v a r i e t y  of products  i s  i n f i n i t e  and t h e  complexi ty  o f  t h e  i n d i v i d u a l  mechanisms 
f a r  from understood.  Y e t ,  some of t h e  p r o p e r t i e s  of importance i n  connec t ion  with 
t h e  use of the material a s  a f u e l  show coherent  t r e n d s .  This  i s  i n d i c a t e d  i n  
Table I .  

i' 

TABLE I 

PRODUCT PROPERTIES AND T H E I R  VALUES I N  THE RANGE 
FOR WHICH CORRELATIONS ARE DERIVED 

c a l o r i f i c  v a l u e  

g r o s s  weight 

carbon content  
oxygen content  
atomic r a t i o  
oxygen/ c arbon 

%w a s  rece ived  CAR) 
kg H20/kg DAF m a t e r i a l  
d r y  ash  f r e e  base MJ/kg 
wet #I II I ,  

d r y  " " " kg/GJ 
wet I 1  I! , I  0 ,  

Xw d r y  ash  f r e e  
11 11 to I ,  

Symbol 

OCR 

T o t a l  range 
biomass-subbitum. c o a l  

90 - 9 
10 - 0.1 
15 - 32 

1 . 5  - 30 
75 - 30 

600 - 30 
40 - 80 
50 - 6 

1.0 - 0.06 

I I 

The wide s c a t t e r  of  d a t a  on LRM p r o p e r t i e s  can ,  t o  s t a r t  w i t h ,  be redu- 
ced s i g n i f i c a n t l y  by r e c a l c u l a t i o n  on a new b a s i s ,  v i z .  t h e  m i n e r a l - m a t t e r  (or 
a s h ) - f r e e  organic  f r a c t i o n ,  b e  it  wet (AF) or dry (DAF). The mois ture  conten t  
i t s e l f  (MC) i s  c a l c u l a t e d  a s  t h e  weight of  water  per  ki logram d r y  organic  mate- 
r i a l .  

Below we s e t  up q u a n t i t a t i v e  r e l a t i o n s  between t h e  chemical  composi t ion,  
t h e  c a l o r i f i c  v a l u e  and t h e  moisture-binding tendency of  LRM. The key t o  t h e  r e l a -  
t i o n s  i s  t h e  oxygen c o n t e n t .  The oxygen-containing groups g i v e  p o l a r i t y  t o  t h e  
carbon cha in  backbone of  LRM. This  de te rmines  t h e  hydrophobic i ty  of  a m a t e r i a l .  
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The c a l o r i f i c  va lue  (CV) o f  w e t  m a t e r i a l  depends on t h e  MC and t h e  CV of 
t h e  d r y  m a t e r i a l .  We assume t h e s e  t o  be dependent on t h e  chemical  composi t ion,  
which i s  not a random d i s t r i b u t i o n .  In p a r t i c u l a r ,  t h e  oxygen and carbon content  
of  LRM move a long  n a t u r a l  d e g r a d a t i o n  r o u t e s .  In a f i r s t  approximation we  assume 
t h e  sum of t h e  percentages  of oxygen and carbon t o  be c o n s t a n t  ( 2 ) .  We d e f i n e  OCR 
as t h e  atomic r a t i o  of  oxygen t o  carbon i n  t h e  dry organic  f r a c t i o n :  

% oxygen/ l6  %O 

% c a r b o n / l 2  % C  
1)  _ -  - x 0 .75 ,  om = 

with  t h e  c o n s t a n t  sum,Z , g i v e n  by: 
0 . 7 5 2  

%C 
OCR =- - 0.75. 

In F i g .  1 we p l o t t e d  O C R  a g a i n s t  t h e  r e c i p r o c a l  of  t h e  carbon c o n t e n t  for a s e t  of 
m a t e r i a l s  ranging  i n  q u a l i t y  from biomass t o  subbi tuminous c o a l .  From the  f i g u r e  
we read:  

68 

%C 
OCR = - -  0.75. 2) 

For t h e  c a l c u l a t i o n  o f  t h e  c a l o r i f i c  v a l u e  of a c o a l  on t h e  b a s i s  of i t s  major 
c o n s t i t u e n t s  many formulas  can  be found i n  t h e  l i t e r a t u r e .  For low-sulphur mate- 
r i a l s  t h e  fo l lowing  i s  one of  t h e  s i m p l e s t .  

CVDAF = 0.34 (%C) + 1.40  (%H) - 0.16 ( % O ) ,  MJ/kg. 3)  

In Figure  2 i t  i s  shown how t h i s  formula approximates  t h e  c a l o r i f i c  v a l u e  of our 
low-rank m a t e r i a l s  . 

The r e l a t i o n  between MC and O C R  has  been e s t a b l i s h e d  i n  F i g .  3 .  From 
t h i s  f i g u r e  w e  g e t  

OCR = 0.31 (BMC)0.49 4)  

where BMC i s  t h e  i n h e r e n t  bed m o i s t u r e  c o n t e n t .  

The hydrogen content  v a r i e s  from 6 % f o r  biomass, t o  % % f o r  subbi tu-  
minous coa l .  I f  w e  assume l i n e a r i t y  f o r  t h e  r e l a t i o n  between hydrogen content  and 
OCR, and s u b s t i t u t e  e q u a t i o n  2 i n t o  equat ion  3 ,  we g e t  approximately 

30 - 5 OCR 

0.75 + OCR 
CVDAF = 

When we  s u b s t i t u t e  ( 4 )  i n t o  ( 5 ) ,  we a r r i v e  a t  t h e  a c t u a l  measured 
v a r i a b l e s  MC and CV, 

30 - 1.55 BMCO.49 

0.75 + 0.31 BMCO.49 
~ D A F  
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and 

1 
CVAF = CVDAF . - 

BMC + 1 

I 
't 

6 b )  

These l i n e s  a r e  d e p i c t e d  i n  F i g .  4 .  The s c a t t e r  of t h e  measured d a t a  i s  smal l .  
This  may be expla ined  by t h e  f a c t  t h a t  d e v i a t i o n s  f o r  t h e  CV and t h e  OCR occur  on 
t h e  Same m a t e r i a l  i n  t h e  same d i r e c t i o n ,  and t h u s  compensate each o t h e r .  I t  should 
be Pointed o u t ,  however, t h a t  t h e  l a r g e s t  d e v i a t i o n s  occur  wi th  h igh  c o n t e n t s  of 
minera l  mat te r .  Apart from the  c a l c u l a t i o n  e r r o r ,  probably t h e  c o n t r i b u t i o n  of 
minera ls  t o  t h e  water  absorbency e t c .  cannot  be completely ignored.  

The above set of r e l a t i o n s  was o b t a i n e d  from only  l i m i t e d  numbers of 
d a t a  and d e a l s  wi th  few p r o p e r t i e s .  S t i l l ,  i t  may be used a s  a b a s i s  f o r  more 
s o p h i s t i c a t e d  work on more s p e c i f i c  groups of m a t e r i a l s .  

3 .  HYDROTHERMAL COALIFICATION EXPERIMENTS 

From t h e  wide v a r i e t y  of exper imenta l  r e s u l t s  a v a i l a b l e  both from our  
own work and t h e  l i t e r a t u r e ,  we s e l e c t e d  t h o s e  of  a number of  constant-volume 
b a t c h  experiments ,  wi th  v a r i a t i o n  of f e e d s t o c k ,  tempera ture  and t i m e  only.  The 
p r e s s u r e  was always approximately t h e  vapour p r e s s u r e  of s a t u r a t e d  steam a t  t h e  
temperature  chosen. 

In t h e  KSLA programme p e r  experiment 50 grams of wet feed m a t e r i a l  and 
30 grams of deminera l ized  water  were hea ted  i n  a n  a u t o c l a v e  by e l e c t r i c  h e a t i n g  
from outs ide .  In a s y s t e m a t i c  s e r i e s  of exper iments  c a r r i e d  out  on two brown c o a l s  
wi th  mois ture  c o n t e n t s  of 35 and 60 Xw r e s p e c t i v e l y ,  t h e  tempera ture  was v a r i e d  
between 175 OC and 350 O C  and t h e  r e s i d e n c e  t i m e  a t  t h e  maximum tempera ture  from 
one minute  t o  t h r e e  hours .  Af te r  c o o l i n g ,  t h e  gas  volume was measured and analysed 
and t h e  coa l  product  weighed and ana lysed  t o  complete  t h e  ba lance .  
In a d d i t i o n ,  a v a r i e t y  of feed m a t e r i a l s  ranging  i n  rank  from c e l l u l o s e  t o  subbi-  
tuminous coa l  were t e s t e d  under t h e  low and t h e  high tempera ture  c o n d i t i o n s .  

The u s e  o f  p r e s s u r e  r e s i s t a n t  a u t o c l a v e  w a l l s  i m p l i e s  t h a t  t h e  r e p o r t e d  
r e a c t i o n  t imes a t  a c e r t a i n  tempera ture  should  be c o r r e c t e d  f o r  t h e  i n e r t i a  of t h e  
meta l  mass. The e f f e c t  becomes l e s s  important  f o r  longer  exper iments .  In t h e  KSLA 
experiments  t h e  tempera ture  a t  t h e  c e n t r e  of t h e  sample i n c r e a s e d  a t  a r a t e  of 
approx.  6 OC/min. This  means t h a t  a "zero" r e s i d e n c e  time a t  340 OC i n c l u d e s  
15 min a t  300 O C ,  30 min a t  250 OC o r  4 5  min a t  200 O C .  

Various s e r i e s  o f  s i m i l a r  exper iments  under d i f f e r e n t  c o n d i t i o n s  and 
us ing  a wide v a r i e t y  o f  feeds tocks  were r e p o r t e d  by Van Krevelen ( 3 ) .  He w e d  
20 grams of m a t e r i a l  p e r  experiment and v a r i e d  t h e  tempera ture  from 225 OC t o  
390 O C  and t h e  r e s i d e n c e  time from 3 t o  7 2  hours .  

Kreulen ( 5 )  r e p o r t s  s e r i e s  of experiments  of longer  d u r a t i o n :  200-3200 
h o u r s ,  i . e .  almost six months. H e  used p r e s s u r e  r e s i s t a n t  g l a s s  tubes ,  which were 
welded a f t e r  be ing  f i l l e d  with h a l f  a gram of sample. The t u b e s  were hea ted  to- 
g e t h e r  i n  a h o t  a i r  s t o v e  a t  t empera tures  vary ing  from 130 OC t o  180 O C .  A f t e r  
c e r t a i n  time i n t e r v a l s ,  tubes  were taken  o u t ,  cooled ,  opened and t h e  c o n t e n t s  
ana lysed .  
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1 
4. MODEL FOR (HYDROTHERMAL) COALIFICATION 

The a p p l i c a t i o n  of b a s i c  k i n e t i c s  t o  t h e  exper imenta l  r e s u l t s  r e q u i r e s  
some manipula t ions .  We want t o  u s e  ( 9 ) :  

r e a c t i o n  r a t e  = - 8) 

( c  = c o n c e n t r a t i o n .  n = o r d e r  of t h e  r e a c t i o n )  

(EA = a c t i v a t i o n  energy)  

T h e r e f o r e ,  we  t a k e  f o r  t h e  v a r i a b l e  r e f l e c t i n g  t h e  c o n c e n t r a t i o n  t h e  oxygen con- 
t e n t ,  and w e  d e f i n e  a s  "complete" convers ion  t h e  r e d u c t i o n  of t h e  oxygen content  
t o  t h e  level of subbi tuminous c o a l  ( c a .  6 %w DAF). Omax becomes t h e  d i f f e r e n c e  i n  
oxygen content  between t h e  feed  and subbi tuminous c o a l .  0 i s  t h e  f i g u r e  f o r  t h e  
percentage  on dry  ash f r e e  b a s i s .  

We found t h a t  t h e  r a t i o  a t  which COP and H 2 0  was formed i n  t h e  au toc lave  
experiments  was almost c o n s t a n t  d u r i n g  h e a t  t r e a t m e n t  up t o  tempera tures  of  about 
350 OC and a convers ion  t h a t  reduces  t h e  oxygen c o n t e n t  t o  n e a r l y  1 0  %w,  a s  i s  
i l l u s t r a t e d  i n  F i g u r e  5 .  The same was r e p o r t e d  by S c h a f e r  (10) f o r  low-temperature 
c a r b o n i z a t i o n  experiments  i n  an ambient i n e r t  atmosphere up t o  a tempera ture  of 
400 OC.  

mol CO2 18 weight  CO2 

mol H 2 0  44 weight  H20 
r a t i o  r =- - 10) 

T h i s  g ives  u s  l i n e a r i t y  f o r  t h e  r e l a t i o n  between t h e  oxygen content  and t h e  COP 
product ion ,  which i s  a convenient  t o o l  because t h e  e v o l u t i o n  of CO2 i s  a parameter  
t h a t  i s  much e a s i e r  t o  measure a t  i n t e r m e d i a t e  s t a g e s .  The r a t i o  was found t o  vary 
w i t h  t h e  t y p e  of  f e e d s t o c k ,  t h e  p r e s s u r e  a p p l i e d  and t h e  pH of  t h e  r e a c t i o n  me- 
dium. Assuming t h a t  a l l  of  t h e  oxygen removed from t h e  feed  i s  conver ted  t o  COP 
and H20 i n  a r a t i o  r ,  i t  can be d e r i v e d  t h a t :  

44 

32 r + 16 COZmax = Aomax 

The convers ion  f of (hydro thermal )  c o a l i f i c a t i o n  a t  a c e r t a i n  time t becomes: 

Ofeed - O t  cog, 
=-= f =  

Aomax Co2max 

11) 

Here C02 is t h e  amount expressed  a s  t h e  percentage  of  t h e  dry  ash- f ree  base  
i n t a k e .  
The convers ion  i s  obta ined  from e q u a t i o n  8 by i n t e g r a t i o n  t o  a c e r t a i n  p o i n t  i n  
t i m e .  A g e n e r a l  s o l u t i o n  i s  g iven  by t h e  S e i t z  Balazs  equat ion  (11) .  
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13) 

This  t ime-temperature  equiva lence  p r e d i c t s  a r e l a t i o n s h i p  between t i m e  and tempe- 
r a t u r e  required t o  achieve  a c e r t a i n  convers ion:  

t i ,  t p  = e ( f  = c o n s t a n t )  14) 

The phys ica l  meaning of  t h i s  i s  t h a t  t h e  same amount of C o p  could  be measured 
a f t e r  t rea tments  i n  d i f f e r e n t  ways: a s h o r t  time a t  a h igh  tempera ture  or a longer  
per iod  a t  a lower tempera ture .  

In Figure  6 ,  a graph of t h e  logar i thm of  t h e  t i m e  and t h e  r e c i p r o c a l  tempera ture ,  
w e  have p l o t t e d  a l l  t h e  d a t a  of t h e  t h r e e  s t u d i e s  r e c a l c u l a t e d  t o  t h e  convers ion  f 
wi th  equat ion  12,  and rounded o f f  t o  0 .1 ,  0 .2  e tc .  Now we can read t h e  c o e f f i -  
c i e n t s  f o r  formula 1 3  from t h e  graphs of t h e  p a i r s  of parameters  s e p a r a t e l y .  We 
o b t a i n  approximately : 

3500 
0.2 - - 

f = 50 t S  e TK 15) 

Although t h i s  formula cannot  be cons idered  proper  chemical  r e a c t  ion  k i n e t i c s  be- 
cause  n e i t h e r  t h e  r e a g e n t  nor t h e  r e a c t i o n  i t s e l f  i s  d e f i n e d ,  we s t i l l  t r i e d  an 
e x t r a p o l a t i o n .  Of course  t h e  i n t e g r a t i o n  ( t h e  b a s i s  f o r  f )  i s  imposs ib le  t o  per- 
form i n  t h e  n a t u r a l  case  s i n c e  t h e  d a t a  on t h e  h i s t o r y  a r e  l a c k i n g .  However, t h e  
ages  of v a r i o u s  products  f o r t u n a t e l y  a r e  q u i t e  w e l l  known. I f  we  t h e n  assume bio-  
mass with ca.  50  Xw oxygen t o  have been t h e  f e e d s t o c k ,  we g e t  for  t h e  convers ion  
f ,  v a l u e s  of 0.15 f o r  humus, 0 .30  f o r  p e a t ,  0 .50 f o r  brown c o a l  and more than  0.8 
f o r  c o a l .  S u b s t i t u t i o n  i n  equat ion  15 y i e l d s  a tempera ture  f o r  each m a t e r i a l .  An 
e s s e n t i a l l y  cons tan t  v a l u e  i s  obta ined  f o r  t i m e  s c a l e s  from 103 t o  108 y e a r s ,  i . e .  
about  40 O C ,  which i s  i n  l i n e  wi th  t h e  probable  h i s t o r i c a l  average .  

5 .  APPLICATION TO THE QUANTIFICATION OF UPGRADING 

The removal o f  H20 and C o g  r e s u l t s  i n  enr ichment  of t h e  m a t e r i a l  a s  a 
f u e l ,  i . e .  t h e  same h e a t i n g  h e a t i n g  va lue  is  c o n c e n t r a t e d  i n  a smal le r  weight .  The 
enrichment  forms a necessary  s t e p  i n  t h e  upgrading of a f u e l .  T h i s  enr ichment  
s t a r t s  wi th  dewater ing ( F l e i s s n e r )  ( 1 2 ) .  The dewater ing w i l l  not  proceed t o  com- 
p l e t e  dryness ,  because t h e  LRM w i l l  r e t a i n  or r e a b s o r b  water  t o  a c e r t a i n  l e v e l  of 
e q u i l i b r i u m  w i t h  t h e  sur rounding  atmosphere. For  f u r t h e r  enrichment t h e  rank has  
t o  be changed by a l s o  removing ( p o l a r )  oxygen by d e c a r b o x y l a t i o n  and dehydra t ion ,  
t o  maximum dry ing  a t  t h e  l e v e l  of subbi tuminous c o a l .  F u r t h e r  c o a l  rank improve- 
ment t a k e s  p l a c e  v i a  o t h e r  mechanisms (demethaniza t ion) .  

I n  upgrading we  look a t  p r o p e r t i e s  such a s  m o i s t u r e  conten t  and c a l o r i -  
f i c  va lue  r a t h e r  than  t h e  molecular  composi t ion.  The t r a n s f o r m a t i o n  can  be c a r r i e d  
o u t  with t h e  u s e  of  t h e  r e l a t i o n s  d e r i v e d  i n  s e c t i o n  2. We can d e f i n e  another  con- 
v e r s i o n  f a c t o r  f ‘ :  
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We can e x p r e s s  t h e  " e n r i c h a b i l i t y "  o r  t h e  p r e d i c t i o n  of product  proper- 
t i e s  i n  terms of t h e  OCR: 

OCF$roduct = (1-f')(OCRfeed-0.06) + 0.06 17) 

This  can be s u b s t i t u t e d  i n  t h e  r e l a t i o n s  of s e c t i o n  2 and then  we can c a l c u l a t e  
product  p r o p e r t i e s  on t h e  b a s i s  of  t h e  feeds tock  a n a l y s i s  and t h e  e x t e n t  of con- 
v e r s i o n ,  which i s  measured by t h e  amount of  CO2 evolved,  a s  d e s c r i b e d  i n  sec- 
t i o n  4 .  For i n s t a n c e  by s u b s t i t u t i o n  of equat ion  1 7  i n  e q u a t i o n  5 t h e  c a l o r i f i c  
v a l u e  becomes 

30 - 5 [(l-f ')(OCRfeed - 0.06) + 0.061 
18) 

0 .75 + (l-f ')(OCRfeed - 0.06) + 0.06 CVproductDAF 

wi th  OCRfeed = 0.31 (bed m o i s t u r e  c ~ n t e n t ) ~ . ~ ~ .  T h i s  can be f u r t h e r  s u b s t i t u t e d  i n  

18a) 

(mois ture  conten t  i n  kg HgO/kg DAF, c a l o r i f i c  va lue  HHV i n  MJ/kg), 

For p r a c t i c a l  r e a s o n s ,  i n  t h e  f u r t h e r  use  of t h e  r e l a t i o n  t o  q u a n t i f y  
t h e  e x t e n t  of enr ichment  of a m a t e r i a l ,  we in t roduce  an e x t r a  v a r i a b l e ,  t h e  gross  
weight  : 

1000 
GW = - kg/GJ cv 19) 

F i n a l l y ,  we  d e f i n e  t h e  enrichment  o f  t h e  LRM t o  a f u e l  a s  t h e  f a c t o r  E :  t h e  weight 
r e d u c t i o n  p e r  u n i t  energy:  

20)  GWfeed - GWproduct  * E =  
GWf eed 

+ MCprod. m f e e d  * 
+ MCfeed - 1  CVprod. 

% or 

which can by s u b s t i t u t i o n  of t h e  p r e v i o u s  be  t ransformed t o :  

21) 

where MC i s  t h e  feed  mois ture  c o n t e n t  and f '  t h e  convers ion ,  expressed  i n  OCR. 
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Figure 7 shows t h e  l i n e s  obta ined  when formula 21 i s  c a l c u l a t e d  a s  a 
f u n c t i o n  Of feed mois ture  conten t  and degree  of  convers ion .  It shows what improve- 
ment can be  expected a f t e r  hydrothermal  c o a l i f i c a t i o n  t r e a t m e n t s  a t  v a r i o u s  condi- 
t i o n s .  we a l s o  p l o t t e d  p o i n t s  measured i n  our  exper iments  under  mild and s e v e r e  
c o n d i t i o n s .  We v a r i e d  t h e  feeds tock  q u a l i t y  from biomass was te  t o  subbi tuminous 
c o a l .  It is c l e a r  t h a t  t h e  r e l a t i v e  e f f e c t  of t h e  t r e a t m e n t  i f  l a r g e r  f o r  younger 
feed  m a t e r i a l s .  

The c i r c l e s  i n  t h e  f i g u r e  connected wi th  a dashed l i n e  show t h e  range of 
r e s u l t s  ob ta ined  wi th  t h e  60 % mois ture  brown c o a l  under t h e  v a r i e t y  of  c o n d i t i o n s  
used i n  s e c t i o n  4 .  
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I n t r o d u c t i o n  

The s w e l l i n g  o f  c o a l s  i n  s o l v e n t s  i s  an i m p o r t a n t  t echn ique  f o r  
i n v e s t i g a t i n g  t h e  phys icochemical  s t r u c t u r e  o f  coals .  Fo r  example, s w e l l i n g  has 
been used t o  e s t i m a t e  t h e  s o l u b i l i t y  parameters o f  c o a l s  ( l , Z ) ,  and t o  s tudy t h e  
re1  a t i  ve degrees of cross-1 i n k i  ng (3). 
can a l l o w  f a s t e r  o r  more complete p e n e t r a t i o n  o f  t h e  coa l  by l i q u i d s  o r  by 
substances d i s s o l v e d  i n  t h e  s w e l l i n g  l i q u i d s .  
cons ide rab le  p r a c t i c a l  u t i l i t y  f o r  chemical t rea tmen ts  o f  coal  p r i o r  t o  
processing. 
s o l v e n t s ,  and he c a t e g o r i z e d  a number o f  l i q u i d s  which h i g h l y  swe l l ed  c o a l s  as 
" s p e c i f i c  so lvents . "  
more a c c u r a t e l y  compute t h e  v o l u m e t r i c  expansion o f  ground coal  by so l ven ts  by 
t a k i n g  i n t o  account t h e  p o r o s i t y  o f  t h e  coal .  I n  t h e  s tudy  desc r ibed  here, i n s t e a d  
o f  u s i n g  ground coa l ,  t h e  s o l v e n t - s w e l l i n g  o f  uncontaminated t h i n  s e c t i o n  samples of 
coal  was observed " i n  s i t u . "  Severa l  impor tan t  new r e s u l t s  were obta ined,  and 
i m p l i c a t i o n s  o f  these r e s u l t s  f o r  understanding t h e  macromolecular s t r u c t u r e  of coal 
a r e  discussed. 

Exper imenta l  

p i e c e  o f  t h e  coal  which had been ground f l a t  t o  a g lass  s l i d e  w i t h  a hydrocarbon- 
based wax which i s  s o l u b l e  i n  hexane. 
t o  t h e  bedding plane. The coal  on t h e  s l i d e  was then ground t o  a t h i c k n e s s  o f  about 
15 micrometers. At t h i s  t h i c k n e s s  t h e  coa l  i s  t r a n s l u c e n t  and red co lored.  I n  
o r d e r  t o  o b t a i n  an uncontaminated sample t h e  adhesive was d i s s o l v e d  by soaking i n  
excess hexane and t h e  coa l  was removed f rom t h e  s l i d e .  The sample was then  p laced i n  
f r e s h  s o l v e n t  f o r  seve ra l  days t o  i n s u r e  complete removal o f  any adhesive remain ing 
on t h e  coal. The s o l v e n t  was t h e n  decanted o f f  and t h e  p ieces  o f  t h i n  s e c t i o n  were 
s t o r e d  under d r y  n i t r o g e n  gas a t  room temperature u n t i l  t hey  were used. 

s e c t i o n  coal samples d u r i n g  exper iments and a Wi ld  Photoautomat MPS 50 system was 
used f o r  t h e  photomicrography. 
r a t i n g  of 400 d a y l i g h t  was used. 
i n  f r o n t  of a 50 w a t t  L e i t z  tungsten-halogen i l l u m i n a t o r .  

p y r i d i n e  and e thy lened iamine  s w e l l i n g  agents was as fo l l ows .  
p laced  i n  t h e  sha l l ow  depress ion o f  a s p e c i a l l y  prepared microscope s l i d e  and a 
photomicrograph was taken  of t h i s  u n t r e a t e d  sample. Next t h e  depress ion c o n t a i n i n g  
t h e  t h i n  s e c t i o n  was f i l l e d  w i t h  t h e  s w e l l i n g  agent u s i n g  a hypodermic sy r inge ,  and 
a cover  g lass was used t o  seal t h e  enc losure.  
was noted, and, i f  necessary, t h e  sample was r e l o c a t e d  and refocused i n  t h e  
microscope. 
I n  o r d e r  t o  dry  t h e  swo l l en  samples, t h e  cover  g lass  over  t h e  sample was s i m p l y  
removed t o  a l l o w  d r y i n g  i n  a i r  a t  room temperature. 

Swel l  i ng expands t h e  coal  s t r u c t u r e  and t h i s  

Th is  behav io r  i s  p o t e n t i a l l y  o f  

Dryden (4,5,6,7) has s t u d i e d  t h e  s w e l l i n g  o f  c o a l s  i n  numerous 

Nelson, Mahajan, and Walker (8) have developed procedures t o  

T h i n  s e c t i o n  samples o f  I l l i n o i s  #6 coa l  were prepared by cementing a 

The f l a t  s u r f a c e  was prepared pe rpend icu la r  

A L e i t z  O r t h o l u x  I1 - Pol  BK microscope was used t o  observe t h e  t h i n  

High speed Kodak Ektachrome f i l m  hav ing  an ASA 
For  t h e  l i g h t  source, a CB 12 b l u e  f i l t e r  was used 

The procedure f o r  exposing a fragment o f  coal t h i n  s e c t i o n  t o  l i q u i d  
The t h i n  s e c t i o n  was 

The t i m e  o f  a d d i t i o n  o f  t h e  l i q u i d  

Photomicrographs o f  t h e  sample were then  taken  as a f u n c t i o n  o f  time. 

I n  t h e  case o f  2-propy lamine,  
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s w e l l i n g  o f  t h e  t h i n  s e c t i o n s  o f  coal  was accomplished by exposure t o  t h e  vapor o f  
t h e  so l ven t  i n  a small  g lass  r i n g  enc losure which r e s t e d  on a microscope s l i d e .  
sample was p laced  i n  t h e  c e n t e r  of t h e  enc losu re  and a p i e c e  o f  T e f l o n  sheet was 
p laced  next  t o  it. A t  t h e  s t a r t  o f  an exper iment  a drop o f  pyropy lamine was p laced  
on t h e  Te f lon ,  b u t  no t  t o u c h i n g  t h e  sample, and a #O cover  g lass  was immediate ly  
p laced  on t o p  o f  t h e  r i n g  t o  fo rm a c losed  system. 

t h i n  sec t i ons  were made on t h e  photomicrographs. 
i n f o r m a t i o n  on th i ckness ,  b u t  s ince  t h e  samples were prepared w i t h  t h e  su r face  
pe rpend icu la r  t o  t h e  bedding plane, i t  was assumed t h a t  t h e  degree of s w e l l i n g  
p e r p e n d i c u l a r  t o  t h e  su r face  i s  w i t h i n  t h e  range o f  l i n e a r  expansions observed 

1 p a r a l l e l  t o  t h e  sur face.  

R e s u l t s  \ -  

The 

Measurements o f  t h e  l i n e a r  dimensions o r  area o f  t h e  d ry  o r  swol len coal  
The photographs g i v e  no 

" I n  s i t u "  obse rva t i ons  o f  t h e  d imensional  s w e l l i n g  o f  t h i n  s e c t i o n s  o f  
r e l a t i v e l y  homogeneous v i t r i n i t e  f rom I l l i n o i s  #6 coal  were made w i t h  four  d i f f e r e n t  
l i q u i d s :  p y r i d i n e ,  e thy lenediamine,  i - p r o p y l a m i n e ,  and water. I n  a d d i t i o n ,  t h e  
degree o f  shr inkage which occu r red  when t h e  l i q u i d  was a l l owed  t o  evaporate was a l s o  
s t u d i e d  w i t h  some o f  t hese  s w e l l i n g  agents. 

The sample used f o r  t h e  s w e l l i n g  i n  p y r i d i n e  i s  shown i n  F i g u r e  1; i t  was 
about 0.5 mm across. The sample was p laced  i n  t h e  depress ion o f  t h e  s p e c i a l  
microscope s l i d e ,  covered w i t h  a cover s l i p  and immersed i n  p y r i d i n e .  
seconds t h e  sample was f u l l y  swollen. 
14 a d d i t i o n a l  minutes. 
m inu tes  exposure t o  p y r i d i n e .  
has expanded apprec iab ly .  
o f  t h e  sample f o l d e d  over  d u r i n g  rea l i gnmen t ) .  
sample. The cracks a r e  p robab ly  t h e  r e s u l t  o f  s t resses  caused by nonuni form 
s w e l l i n g .  I n  t h i s  case i t  i s  u n l i k e l y  t h a t  t h e  s t resses  were caused by d i f f e r e n c e s  
i n  e q u i l i b r i u m  s w e l l a b i l i t y  o f  d i f f e r e n t  areas because t h e  sample was r e l a t i v e l y  
homogeneous. The shape o f  t h e  swe l l ed  sample i s  c l o s e  t o  t h e  i n i t i a l  specimen; 
though, t h e r e  was s l i g h t l y  more expansion i n  t h e  d i r e c t i o n  pe rpend icu la r  t o  t h e  
bedding plane. T h i s  i s  seen more c l e a r l y  i n  F i g u r e  3 where t h e  i n i t i a l  and swe l l ed  
samples a re  superimposed. The inc rease  i n  area o f  t h e  swe l l ed  sample i s  r o u g h l y  70 
pe rcen t  which corresponds t o  a volume inc rease  o f  about 125 percent .  

W i th in  60 
There was no n o t i c a b l e  change i n  s i z e  a f t e r  

F i g u r e  2 shows a photomicrograph o f  t h e  sample a f t e r  15 
Comparing F i g u r e s  1 and 2, i t  i s  seen t h a t  t h e  sample 

(The da rke r  r e g i o n  on t h e  l e f t  s i d e  i s  where a smal l  p a r t  
A few c racks  have developed i n  t h e  

Ethy lenediamine was used t o  t r e a t  a d i f f e r e n t  t h i n  s e c t i o n  sample o f  
I l l i n o i s  #6 v i t r i n i t e .  The i n i t i a l  sample i s  shown i n  F i g u r e  4. It i s  about 0.7 nun 
across. When immersed i n  ethy lenediamine t h e  specimen f u l l y  swe l l ed  w i t h i n  100 
seconds. No change was observed d u r i n g  an a d d i t i o n a l  11 minu tes  
exposure. 
exposure t o  t h e  ethy lenediamine.  
r o u g h l y  60%. 
3/2 power o f  t h e  area, t hen  t h e  volume expansion i s  about 100%. 

t h e  cover  g lass  was removed and a d d i t i o n a l  e thy lened iamine  was p l a c e d  on t h e  
sample. 
under  t h e  microscope. 
s u b s t a n t i a l l y  more f l e x i b l e  than t h e  o r i g i n a l  sample. 

I l l i n o i s  #6 v i t r i n i t e .  The p i e c e  was about 0.5 mn across. The i n i t i a l  sample i s  
shown i n  F igu re  6. 
w i t h  t h e  vapors. 

The l a s t  photomicrograph shown i n  F i g u r e  5, was taken  a f t e r  12.5 minutes 
For  t h i s  sample t h e  t o t a l  area expansion i s  

I f  t h e  i nc rease  i n  t h e  volume i s  approx imated as be ing  equal t o  t h e  

Another t h i n  s e c t i o n  sample was f u l l y  swe l l ed  i n  ethy lenediamine.  Then 

The immersed sample was manipulated w i t h  microprobes w h i l e  be ing observed 
The sample cou ld  be bent  cons ide rab ly  and was observed t o  be 

Normal propy lamine vapor was used t o  s w e l l  another  t h i n  s e c t i o n  sample o f  

The sample was f u l l y  swo l l en  a f t e r  l e s s  than  30 seconds con tac t  
I n  F i g u r e  7 a s u p e r p o s i t i o n  o f  t h e  o r i g i n a l  sample and t h e  sample 
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s w e l l e d  i n n - p r o p y l a m i n e  vapor i s  shown. 
s u b s t a n t i a l l y .  
shape of t h e  expanded sample i s  very  c l o s e  t o  t h a t  o f  t h e  o r i g i n a l  sample. 

A f t e r  l e a v i n g  t h i s  sample exposed t o  t h e n - p r o p y l a m i n e  vapors i n  t h e  
c l o s e d  system f o r  a t o t a l  o f  rough ly  2 minutes,  t h e  propy lamine was removed and t h e  
sample was a l l owed  t o  d r y  i n  t h e  ambient a i r .  
o f  t h e  shr inkage occu r red  w i t h i n  a few seconds and i n  l e s s  than  30 seconds t h e  
sample had shrunken f u l l y .  D u r i n g  sh r inkage  a few c racks  formed i n  t h e  sample. 
F i g u r e  8 i s  a s u p e r p o s i t i o n  of t h e  i n i t i a l  sample and t h e  shrunken sample a f t e r  
d ry ing .  The l a r g e r  sample i n  F i g u r e  8 i s  t h e  r e d r i e d  sample. The shape o f  t h e  
shrunken sample i s  q u i t e  c l o s e  t o  t h a t  o f  t h e  i n i t i a l  sample. 

It i s  seen t h a t  t h e  sample has expanded 
R e l a t i v e l y  l i t t l e  c r a c k i n g  occu r red  d u r i n g  t h e  expansion, and t h e  

The sh r inkage  occu r red  r a p i d l y .  Most 

The shrunken sample was s w e l l e d  i n  t h e  A-propy lamine vapor a second 
t ime. 
sample. Th is  sample was then  a l l owed  t o  d ry  again. Th is  second shrunken sample was 
a lmost  i d e n t i c a l  t o  t h e  f i r s t  shrunken sample. 

A measurement o f  t h e  s w e l l i n g  i n  water  o f  a p i e c e  o f  t h i n  s e c t i o n  was a l s o  
made. No changes i n  t h e  dimensions o f  t h e  sample were ev ident .  

D iscuss ion  

The r e s u l t a n t  swo l l en  specimen was a ve ry  c l o s e  r e p l i c a  o f  t h e  f i r s t  swol len 

The s w e l l i n g  o f  chunks of b i t um inous  and subbi tuminous coa ls  i n  h i g h l y  
e f f e c t i v e  s w e l l i n g  agents such as ethy lenediamine,  p y r i d i n e ,  o r  propy lamine i s  
o r d i n a r i l y  accompanied by massive c r a c k i n g  and d i s t o r t i o n  o f  t h e  coa l  s t r u c t u r e .  
F i g u r e  9 shows an example o f  such s w e l l i n g  i n  propylamine. 
resemblance between t h e  o r i g i n a l  .sample and t h e  swo l l en  sample. 
a f t e r  p i c t u r e s  a r e  d r a m a t i c a l l y  d i f f e r e n t  f rom t h e  r e s u l t s  o f  our  study. The 
occurrence o f  o n l y  a few l a r g e  c racks  and t h e  good r e t e n t i o n  o f  shape i n  t h e  swollen 
t h i n  sec t i ons  i n  t h i s  s tudy  had n o t  been a n t i c i p a t e d .  
i n  t h i s  study a p p a r e n t l y  tended t o  reduce f r a c t u r i n g  o f  t h e  samples i n  seve ra l  
ways: (a) i t  caused t h e  p e n e t r a t i o n  o f  t h e  s w e l l i n g  agent i n t o  t h e  coal  t o  be r a p i d  
and f a i r l y  u n i f o r m  over  t h e  area o f  t h e  sample so t h a t  uneven s w e l l i n g  o f  t h e  sample 
was minimized; (b) t h e  th inness  o f  t h e  samples l i m i t e d  t h e  d i s t a n c e  over  which 
l i q u i d  c o n c e n t r a t i o n  g r a d i e n t s  c o u l d  develop p e r p e n d i c u l a r  t o  t h e  su r face  so any 
s t resses  b u i l t  up from s w e l l i n g  g r a d i e n t s  p e r p e n d i c u l a r  t o  t h e  su r face  would be l e s s  
l i k e l y  t o  induce f r a c t u r e ;  and (c )  d u r i n g  s w e l l i n g  t h e  very t h i n  samples cou ld  f l e x  
app rec iab l y  w i t h o u t  f r a c t u r i n g - - e s p e c i a l l y  t h e  reg ions  o f  t h e  sample which had 
a l r e a d y  swelled. 
t h e  t h i n  s e c t i o n  cou ld  deform out  o f  t h e  p lane o f  t h e  sample and thereby prevent  
excess ive s t resses  f rom developing.  

swo l l en  sample was d r i e d  was s l i g h t l y  l a r g e r  than  t h e  i n i t i a l  sample. Th is  increase 
i n  s i z e  was p robab ly  caused by propy lamine r e t a i n e d  i n  t h e  d r i e d  specimen. 
r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  work o f  C o l l i n s  e t .  a l .  (9)  who found t h a t  10 t o  15 
Percent  of va r ious  amines remained i n  coa ls  even  a R e r  exposure t o  vacuum a t  room 
temperature f o r  many hours. 

A f t e r  t h e  i n i t i a l  s w e l l i n g  and s h r i n k i n g  o f  t h e  I l l i n o i s  #6 coal  i n  
propy lamine vapor, subsequent s w e l l i n g  and s h r i n k i n g s  were c l o s e  r e p l i c a s  o f  t h e  
p r e v i o u s l y  swo l l en  o r  shrunken s t a t e s  r e s p e c t i v e l y .  
r e v e r s i b i l i t y  i s  an i m p o r t a n t  r e s u l t  o f  t h i s  s tudy;  r e v e r s i b i l i t y  i s  r e q u i r e d  f o r  
t h e  thermodynamic t rea tmen t  o f  so l  ven t - swe l l  i ng. 

expanded w i t h  y J r o p y l a m i n e  g i ves  an  impor tan t  c l u e  t o  t h e  i n t e r a c t i o n  o f  t h e  

There i s  l i t t l e  
These b e f o r e  and 

The t h i n n e s s  o f  t h e  samples 

Therefore,  i f  s t r e s s e s  were generated d u r i n g  s w e l l i n g ,  p a r t s  o f  

I n  t h e  exper iment  i n  propy lamine vapor t h e  sample ob ta ined  when t h e  f i r s t  

Th i s  

The h i g h  degree o f  

The rap idness w i t h  which t h e  sh r inkage  occu r red  i n  t h e  t h i n  s e c t i o n s  
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s o l v e n t  w i t h  t h e  coal .  Most of t h e  shr inkage takes  p l a c e  l e s s  than  5 seconds a f t e r  
removal o f  t h e  cover glass. Dur ing  t h i s  s h o r t  d r y i n g  t i m e  a t  room temperature i n  
a i r  n o t  on ly  d i d  t h e  propy lamine evaporate f rom t h e  sample, b u t  a l s o  t h e  excess 
l i q u i d  around and under t h e  sample evaporated. Th is  r a p i d  shr inkage i n d i c a t e s  t h a t  
t h e  l i q u i d  which causes most of t h e  s w e l l i n g  i s  m o b i l e  and i s  n o t  s t r o n g l y  bound t o  
t h e  coal .  

, 

Al though most of t h e  imbibed propy lamine s o l v e n t  i s  mobi le ,  i t  i s  l i k e l y  
t h a t  e n e r g e t i c  i n t e r a c t i o n s  between a t  l e a s t  some o f  t h e  s o l v e n t  molecules and t h e  
coa l  p l a y  an impor tan t  r o l e  i n  t h e  s w e l l i n g  phenomenon. 
expand, t h e  macromolecular chains must be a b l e  t o  r e o r i e n t .  However, coal  has a 
very r i g i d  s t r u c t u r e .  E a r l i e r  i t  was no ted  t h a t  t h e  swo l l en  coa l  i s  more f l e x i b l e  

s o l v a t e d  by t h e  s w e l l i n g  agent and t h i s  enables t h e  s w e l l i n g  t o  t a k e  p lace  by 
r e o r i e n t a t i o n  o f  macromolecular chains. 

i n d i c a t e s  t h a t  t h e  bonding i s  s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e  d r y  and t h e  s w o l l e n  
coal .  The e f f e c t i v e  mo lecu la r  weight  between c r o s s - l i n k s  f o r  t h e  h i g h l y  swo l l en  
coal samples i s  t h e r e f o r e  s u b s t a n t i a l l y  g r e a t e r  t han  f o r  t h e  o r i g i n a l  d r y  sample. 
Th is  suggests t h a t  t h e  u n d i r e c t i o n a l  e l a s t i c i t y  o f  t h e  swo l l en  sample may have much 
more of an e n t r o p i c  n a t u r e  than  t h a t  o f  t h e  o r i g i n a l  sample. Indeed, if t h e  
s w e l l i n g  i n v o l v e s  p r i m a r i l y  an ex tens ion  o f  macromolecular chains,  t hen  t h e  
e l a s t i c i t y  o f  t h e  swo l l en  coal  should be s u b s t a n t i a l l y  e n t r o p i c .  It may t h e r e f o r e  
be p o s s i b l e  t o  e s t i m a t e  t h e  c r o s s - l i n k  d e n s i t y  f o r  h i g h l y  swo l l en  coal  from a 
measurement o f  i t s  modulus. R e s u l t s  o f  modulus measurements on swo l l en  coa ls  w i l l  
be r e p o r t e d  i n  a f u t u r e  paper. 

Conclus ions 

I n  o r d e r  f o r  t h e  coa l  t o  

I than d r i e d  coal .  Some bonds which a r e l p r e s e n t  i n  t h e  d r y  coal  a r e  apparen t l y  

\ 

The s u b s t a n t i a l  decrease i n  modulus which occurs upon s w e l l i n g  of t h e  coal 

Th in  s e c t i o n  samples of r e l a t i v e l y  homogeneous v i t r i n i t e  f rom a h i g h  
v o l a t i l e  C b i tuminous coa l  have been found t o  swe l l  wi th goad shape r e t e n t i o n  and 
w i t h o u t  s u b s t a n t i a l  f r a c t u r i n g  i n  seve ra l  good s w e l l i n g  agents. The s w e l l i n g  i n  
propy lamine has a h i g h  degree o f  r e v e r s i b i l i t y  and r a p i d  sh r inkage  o f  t h e  sample 
occurs when t h e  v o l a t i l e  propy lamine i s  a l l owed  t o  evaporate i n  a i r .  The samples 
swo l l en  i n  t h e  s p e c i f i c  so l ven ts  a re  s u b s t a n t i a l l y  more f l e x i b l e  than  e i t h e r  t h e  
o r i g i n a l  samples o r  t h e  d r i e d  samples ( a f t e r  swe l l i ng ) .  The l a c k  o f  f r a c t u r i n g  and 
d i s t o r t i o n  probably  r e s u l t s  f rom t h e  homogeneity and t h i n n e s s  o f  t h e  samples. 

exposure t o  a s w e l l i n g  agent and shrunken by d ry ing .  The success ive swo l l en  samples 
( o r  d r i e d  samples) a r e  c l o s e  r e p l i c a s  o f  each o the r .  The rap idness wi th  which t h e  
shr inkage o f  t h e  n -p ropy lamine  swe l l ed  samples occu r red  i n d i c a t e s  t h a t  most o f  t h e  
l i q u i d  causing s w e l l i n g  has o n l y  a weak i n t e r a c t i o n  w i t h  t h e  coal .  
good s w e l l i n g  agents weaken t h e  secondary bonding i n  t h e  coal  and enable a h i g h  
degree o f  swe l l i ng .  
w i t h  some o f  t h e  f u n c t i o n a l i t i e s  o f  t h e  coal. 

I Th in  s e c t i o n  samples o f  coa l  can be repea ted ly  and r e v e r s i b l y  swo l l en  by 

However, t h e  

T h i s  may i n v o l v e  a s t r o n g  i n t e r a c t i o n  o f  p a r t  o f  t h e  s o l v e n t  

The i n c r e a s e  i n  t h e  f l e x i b i l i t y  o f  t h e  coa l  t h i n  s e c t i o n s  when they  a r e  
swo l l en  suggests t h a t  t h e  e l a s t i c i t y  o f  h i g h l y  swol len coa l  may be s u b s t a n t i a l l y  
e n t r o p i c  even i f  t h e  e l a s t i c i t y  o f  t h e  ( h i g h e r  modulus) d r y  coa l  i s  not. 
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Fig .  1 .  

0 . 5 m  across  

Thin s e c t i o n  sample of I l l i n o i s  "6 c o a l  about 

F i g .  2 .  Thin s e c t i o n  a f t e r  15 min. immersion i n  l iquid  

pyridine 
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. 1' 

F i g .  3. Superpos i t ion  of untreated sample and a f t e r  

immersion i n  pyridine  for 15 min. 

- 
F i g .  4 .  

0.7mm across 

Thin s e c t i o n  sample of I l l i n o i s  "6 c o a l  about 
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I 

\ 

Fig. 5. Thin section after 12.5 min. immersion in 

liquid ethylenediamine 

F i g .  6. 
about 0.5mm across 

Thin section sample of Illinois "6 coal 
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I 

F i g .  7 .  Superpos i t ion  o f  untreated sample and expanded 

sample a f t e r  s w e l l i n g  i n  E-propylamine vapor 

F i g .  8 .  Superposit ion of  untreated sample and dried 

sample 
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.Q, I 

F i g .  9 .  

before and a f t e r  overnight immersion i n  propylamine 

Chunk of I l l i n o i s  “6 c o a l  about loam across  
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COAL LIQUEFACTION CATALYSIS 

USING I R O N  PYRITE AND HYDROGEN SULFIDE 

Robert  M. Ba ldw in  and Stephen V i n c i g u e r r a  
Chemical and Pe t ro leum-Re f in ing  Eng ineer ing  Department 

Co lorado School o f  Mines, t io lden, CO 80401 I 
ABSTRACT 1 

An u n r e a c t i v e  hvC b i tum inous  coa l  has been hydrogenated  i n  a b a t c h  
s t i r r e d  r e a c t o r  u s i n g  p y r i t e ,  hydrogen s u l f i d e ,  and p y r i t e  + hydrogen s u l -  
f i d e  as c a t a l y s t s .  
c a t a l y t i c  e f f e c t s  f o r  coa l  conve rs ion .  

The d a t a  i n d i c a t e  t h a t  b o t h  H,S and p y r i t e  e x h i b i t  

INTRODUCTION 

U i  r e c t  hyd rogena t ion  processes  f o r  coa l  l i q u e f a c t i o n  a r e  g e n e r a l l y  
hampered by two p rocess ing  prob lems:  s low f o r m a t i o n  o f  d i s t i l l a t e  o i l s  a t  
" m i l d "  c o n d i t i o n s  and poor  hydrogen u t i l i z a t i o n  e f f i c i e n c y  due t o  f o r m a t i o n  
o f  l i g h t  hydrocarbon gases (C1 , -  C,,). U n f o r t u n a t e l y ,  r a i s i n g  t h e  tempera- 
t u r e  t o  i n c r e a s e  t h e  r a t e  o f  o i l  f o r m a t i o n  causes t h e  r a t e  o f  l i g h t  hydro-  
carbon '  f o r m a t i o n  t o  g r e a t l y  a c c e l e r a t e ,  l e a d i n g  t o  even poore r  hydrogen 
e f f i c i e n c y  and hence i n c r e a s e d  p r o c e s s i n g  cos ts .  TO overcome t h e s e  
probleins,  c a t a l y s t s  may be used wh ich  a r e  s e l e c t i v e  f o r  hyd rogena t ion ,  and 
a c c e l e r a t e  t h e  r a t e  so t h a t  l ower  tempera tu res  may be employed. It i s  w e l l  
known t h a t  t h e  r e a c t i v i t y  o f  c e r t a i n  c o a l s  l i q u e f i e d  by t h e  I .G.  Farben 
p rocess  d u r i n g  t h e  1930's  i n  Germany was enhanced by a d d i t i o n  o f  i r o n  
and/or  s u l f u r  t o  t h e  f e e d  s l u r r y  (1).  I n  t h e  e a r l y  1970 ' s ,  Wr igh t  and 
Severson ( 2 )  r e p o r t e d  t h a t  m i n e r a l  s presen t  i n  b i  tumi  nous coa l  m i n e r a l  
m a t t e r  served as hyd rogena t ion  c a t a l y s t s .  A d d i t i o n a l l y ,  Na, K, and Fe were 
found t o  c a t a l y z e  CO-steam l i g n i t e  l i q u e f a c t i o n .  Subsequent t o  these  
d i s c o v e r i e s ,  research  on d i s p o s a b l e  c a t a l y s t  l i q u e f a c t i o n  o f  coa l  was 
i n i t i a t e d  i n  o r d e r  t o  i d e n t i f y  t h e  a c t i v e  c a t a l y t i c  spec ies  i n  coa l  m ine ra l  
m a t t e r .  Mukher jee and Chowdhury (3) found i n c r e a s i n g  convers ion  w i t h  
i n c r e a s i n g  m i n e r a l  con ten t ,  and i d e n t i f i e d  i r o n  p y r i t e  as t h e  a c t i v e  
c a t a l y s t .  They a l s o  i n d i c a t e d  a s y n e r g i s t i c  e f f e c t  between p y r i t e  and 
o r g a n i c  s u l f u r .  E x t e n s i v e  research  by Guin e t  a l .  (4 ,  5, 6, 7 )  and T a r r e r  
e t  a l .  (8)  on t h e  c a t a l y t i c  a c t i v i t y  o f  coa l  m i n e r a l s  c l e a r l y  e s t a b l i s h e d  
t h e  r o l e  of p y r i t e  as t h a t  o f  a hyd rogena t ion  c a t a l y s t ,  and f u r t h e r  
i d e n t i f i e d  o t h e r  c a t a l y t i c  agents  p resen t  i n  coa l  m i n e r a l  m a t t e r .  Hamrin 
( 9 )  i n v e s t i g a t e d  HDS of model compounds w i t h  c o a l  m i n e r a l s  as c a t a l y s t s .  
Granoff e t  a l .  ( l o ) ,  i n  b a t c h  a u t o c l a v e  s t u d i e s  o f  m i n e r a l  m a t t e r  c a t a l y s i s  
demonst ra ted  t h e  e f f e c t  o f  p y r i t e  on p roduc t  d i s t r i b u t i o n ,  and i l l u s t r a t e d  
t h e  magnitude of t h e  observed c a t a l y t i c  e f f e c t  on n e t  o i l s  f o rma t ion .  More 
r e c e n t l y ,  Mtlssbauer a n a l y s i s  o f  1 i q u e f a c t i o n  res idues  by Montan0 e t  a l .  
(11, 12, 13)  has l e a d  t o  a g r e a t e r  unders tand ing  o f  t h e  behav io r  o f  
i rOn /SU l fUr  Species a t  l i q u e f a c t i o n  c o n d i t i o n s .  A t t a r  and M a r t i n  (14) have 
specu la ted  t h a t  an i r o n  s u l f i d e  i n t e r m e d i a t e  (between FeS,.,, and FeS,) i s  
t h e  a c t i v e  p y r i t e - d e r i v e d  c a t a l y s t .  

pe r imen ts  where H,S, p y r i t e ,  and H ~ S  + p y r i t e  were used as l i q u e f a c t i o n  

I 

T h i s  paper p resen ts  t h e  r e s u l t s  o f  b a t c h  a u t o c l a v e  hyd rogena t ion  ex- 
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tenes, and the  e f f e c t  of  H,S, p y r i t e ,  and H,S + p y r i t e  a d d i t i v e s  on t h e  
r a t e  of  coal  l i q u e f a c t i o n  as we l l  as p r o d u c t i o n  d i s t r i b u t i o n  was 
de ter in i  ned. 

EXPEKIMENTAL 

Produc ts  were ana lyzed f o r  o i l s ,  aspha l tenes ,  and p reaspha l -  

I A hvC b i tum inous  coa l  from t h e  Wadge seam o f  t h e  Energy Fue ls  Mine 
near  Yainpa, Colorado (Rocky Mountain coa l  p r o v i n c e )  was hydrogenated i n  a 
300-cc S t i r r e d  ba tch  r e a c t o r .  The coa l  employed was s i m i l a r  t o  s tandard  
Salnple PSOC-233, and was chosen due t o  i t s  low i n h e r e n t  p y r i t e  and t o t a l  
S u l f u r  con ten t ,  and r e l a t i v e l y  poo r  the rma l  l i q u e f a c t i o n  r e a c t i v i t y .  An 
a n a l y s i s  o f  t h e  coa l  sample i s  p resen ted  i n  Tab le  1. Ash a n a l y s i s  showed 
47% and 3% SiO, and A1,03 r e s p e c t i v e l y ,  and 3.3% t o t a l  i r o n  as Fez&. 
T i t a n i u m  as TiO, was 1.05% o f  t h e  ash; no o t h e r  p o t e n t i a l  c a t a l y s t s  were 
i n d i c a t e d  i n  t h e  ash a n a l y s i s .  

t h e  pa ren t  cod1 t h e n  s e p a r a t i n g  p y r i t e  f rom c o a l  on a shaker  t a b l e .  The 
p y r i t e  was ana lyzed by x - ray  d i f f r a c t i o n  and MMssbauer spec t roscopy  and 
found t o  be a m i x t u r e  o f  p y r i t e  and marcas i te ,  w i t h  m a r c a s i t e  compr i s ing  
about 38% o f  t h e  m ix tu re .  

P y r i t e  was separa ted  f rom a Kentucky b i t u -  
\ minous coal  f rom t h e  C o l o n i a l  Mine near  M a d i s o n v i l l e ,  Ky. by f i r s t  g r i n d i n g  

Hydrogenat ion  exper iments  were c a r r i e d  o u t  i n  a 300-cc s t i r r e d  ba tch  
au toc lave ,  m o d i f i e d  t o  p e r m i t  r a p i d  i n j e c t i o n  o f  coa l  i n t o  a p rehea ted  
p r e s s u r i z e d  r e a c t o r .  Exper iments were c a r r i e d  o u t  a t  380°C, i n  a 10 /1  
excess o f  t e t r a l i n  as t h e  v e h i c l e ,  200 p s i g  t o t a l  p r e s s u r e  (= hydrogen 
p a r t i a l  p ressu re ) .  Two d i f f e r e n t  r e a c t i o n  t i rnes were employed, 10 and 60  
m inu tes ,  t o  t e s t  f o r  r a t e  e f f e c t s  due t o  t h e  a d d i t i v e s  employed. Runs 
where p y r i t e  was employed as t h e  a d d i t i v e  were made by i n j e c t i n g  a c o a l /  
p y r i t e  m i x t u r e  (10% p y r i t e  by w e i g h t )  i n t o  t h e  r e a c t o r .  A t  t h e  end o f  a 
run, t h e  r e a c t o r  was quenched by r a p i d  f o r c e d - c o n v e c t i o n  c o o l i n g .  

Reac t ion  p roduc t  gases were ana lyzed  f o r  hydrocarbons  
th rough  C,, CO, C O  , H,, and H,S and t h e  l i q u i d  p r o d u c t s  were ana lyzed  by  
s e l e c t i v e  s o l v e n t  t r a c t i o n a t i o n  (SSF) t o  separa te  o i l s ,  aspha l tenes ,  
p reaspha l tenes ,  and i n s o l u b l e  o r g a n i c  m a t t e r  ( I O M ) .  I n o r g a n i c s  i n  t h e  
l i q u e f a c t i o n  r e s i d u e  were ana lyzed by Mbssbauer spec t roscopy  t o  de te rm ine  
p y r i t e l p y r r h o t i t e ,  and y i e l d s  o f  a l l  p roduc ts  were c a l c u l a t e d  based on a 
100% workup o f  t h e  p roduc t  s l u r r y .  

RESULTS AND U I S C U S S I O N  

Data f o r  coa l  hyd rogena t ion  i n  t h e  presence of  added H,S, p y r i t e ,  and 

What i s  perhaps most s t r i k i n g  
H,S + p y r i t e  a re  shown i n  F igu res  1-4 a l o n g  w i t h  b a s e l i n e  da ta  f o r  

hydrogenat ion  w i t h o u t  t h e  use o f  a d d i t i v e s .  
about these da ta  i s  t h e  i n f l u e n c e  of  added H,S i n  t h e  absence o f  added 
p y r i t e .  The percentages  o f  H,S r e f e r  t o  t h e  mole % ~ ~ s , i n  t h e  gas 
atmosphere p r i o r  t o  h e a t i n g  and r e a c t i o n  ( c o l d  c o m p o s i t i o n ) .  A 56% 
i n c r e a s e  i n  o v e r a l l  conve rs ion  i s  i n d i c a t e d  a t  t h e  10  m inu te  res idence  t i m e  
( 2 ,  5, and 10% H,S l e v e l ) ,  w i t h  a 21% i n c r e a s e  found a t  60 minu tes  when 
gaseous H,S a lone  (5  and 10% l e v e l )  i s  added t o  t h e  r e a c t i o n  gas 
atmosphere. The predominant i n f l u e n c e  on p r o d u c t  d i s t r i b u t i o n  i s  i n  t h e  
p reaspha l tene  f r a c t i o n ,  e s p e c i a l l y  a t  t h e  s h o r t  res idence  t i m e .  C l e a r l y ,  

H,S i s  a c t i n g  as a c a t a l y s t  f o r  c o a l  conve rs ion  a t  t hese  c o n d i t i o n s .  
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Concen t ra t i ons  above 2% H,S i n  t h e  i n i t i a l  gas phase m i x t u r e  do n o t  seem t o  
a p p r e c i a b l y  i n c r e a s e  t h e  c o n v e r s i o n  a t  10  minu tes ,  b u t  a s u b s t a n t i a l  e f f e c t  
i s  p resent  w i t h  i n c r e a s i n g  H2S COnCentrat iOn a t  60 minu tes .  
o f  H,S i n  t h i s  case nay  be  as e i t h e r  a homogeneous o r  heterogeneous 
c a t a l y s t .  Reb ick  (15)  has r e p o r t e d  a c a t a l y t i c  e f f e c t  o f  H,S on n- 
hexadecane p y r o l y s i s ,  and a t t r i b u t e d  t h e  no ted  e f f e c t  t o  c a t a l y s i s  o f  
hydrogen t r a n s f e r .  S ince  t h e  e a r l y  s tages  o f  c o a l  l i q u e f a c t i o n  a r e  thought 
t o  proceed v i a  f r e e  r a d i c a l  chemis t r y ,  a s i m i l a r  e f f e c t  may be o p e r a t i v e  
here .  Free  r a d i c a l s  formed r a p i d l y  by i n i t i a l  p y r o l y s i s  o f  t h e  coa l  m a t r i x  
cou ld  i n t e r a c t  w i t h  H,S i n  t h e  f o l l o w i n g  manner: 

The f u n c t i o n  

R1 - R2 + R1-.+ RE* 

R1. + H2S + R1 - H + HS. 

HS. + R1 , -  R2 + R1 - H2* + H2S 

R1* + R SH 1 HS. + 

where R1 - R, = coa l  macromolecule.  S i m i l a r  r e a c t i o n s  c o u l d  be w r i t t e n  f o r  
r a d i c a l  R,. . T h i s  mechanism a l s o  p r e d i c t s  t h a t  s u l f u r  c o u l d  become i n c o r -  
po ra ted  i n  t h e  l ower  m o l e c u l a r  w e i g h t  p roduc ts  o f  r e a c t i o n  (R SH).  
l i m i n a r y  a n a l y s i s  o f  SSF samples have shown a ve ry  smal l  i n c d a s e  i n  t o t a l  
s u l f u r  i n  t h e  o i l ,  aspha l tene,  and p reaspha l tene  f r a c t i o n s ,  and a v e r y  
l a r g e  ( f a c t o r  o f  2 t o  3) i n c r e a s e  i n  t o t a l  s u l f u r  i n  t h e  THF- inso lub les  
(IOM p l u s  m i n e r a l  m a t t e r ) .  

Pre- 

An i nc remen ta l  enhancement i n  r e a c t i v i t y  ove r  t h e  H 2 S  a lone  da ta  i s  
seen w i t h  10% added p y r i t e  and H,S a t  2, 5, and 10% i n i t i a l  H 2 S  f r a c t i o n .  
The inc rease  i n  convers ion  no ted  he re  i s  r e f l e c t e d  most s t r o n g l y  i n  b o t h  
t h e  p reaspha l tene  and o i l  f r a c t i o n s ,  e s p e c i a l l y  a t  l o n g  res idence  t imes.  
The combina t ion  o f  added p y r i t e  and H S gave t h e  h i g h e s t  o v e r a l l  o i l  y i e l d .  
The data a t  10 minutes  w i t h  p y r i t e  an8 H,S show t h e  impor tance o f  i r o n -  
s u l f u r  s t o i c h i o m e t r y  i n  m a i n t a i n i n g  t h e  c a t a l y t i c a l l y  a c t i v e  i r o n  s u l f i d e  
spec ies  i n  t h e  reac to r .  
between gaseous H S and p y r i t e l p y r r h o t i t e  i n  t h e  r e a c t i o n  mass. 
Apparen t l y ,  f o r  & i s  l ow  s u l f u r  c o a l ,  a d d i t i o n a l  s u l f u r  i s  needed t o  o b t a i n  
and m a i n t a i n  t h e  most a c t i v e  i r o n  s u l f i d e  c a t a l y s t .  A 25% inc rease  i n  
convers ion  ( a t  60 m inu tes )  i s  seen when 2% H,S i s  added w i t h  10% p y r i t e ,  i n  
comparison w i t h  10% p y r i t e  and no added H,S. No a d d i t i o n a l  b e n e f i t  i s  
d e r i v e d  by i n c r e a s i n g  t h e  H,S l e v e l  above 2% f o r  t h e  combined c a t a l y s t  
system. 
ch iomet ry  i n  t h e  l i q u e f a c t i o n  res idues .  Resu l t s  o f  t hese  ana lyses  a r e  
shown i n  Tab le  2. Obv ious l y ,  t h e  f i n a l  p y r i t e l p y r r h o t i t e  m i x t u r e  p resen t  
i n  t h e  l i q u e f a c t i o n  r e s i d u e  i s  a v e r y  s t r o n g  f u n c t i o n  o f  b o t h  res idence  
t i m e  and H,S p a r t i a l  p ressu re .  However, v e r y  l i t t l e  v a r i a t i o n  i n  t h e  s t o i -  
ch iomet ry  of t h e  p y r r h o t i t e  was observed w i t h  a change i n  H,S p a r t i a l  p res-  
sure.  
f r a c t i o n s ,  t h e  MMssbauer s p e c t r a  i n d i c a t e  t h a t  t h e  non-magnet ic phase 
( r e p o r t e d  as p y r i t e )  i s  n o t  compr ised o f  pu re  p y r i t e  (FeS ). 
s u l f u r  s t o i c i o m e t r y  o f  t h i s  non-magnet ic phase cannot be 2e termined w i t h  
t h e  p r e c i s i o n  Of t h e  magne t i c  phase. Such measurements shou ld  a l l o w  t h e  

The d a t a  c l e a r l y  show a s t r o n g  s y n e r g i s t i c  e f f e c t  

MMssbauer spec toscopy  was used t o  f o l l o w  t h e  i r o n  s u l f i d e  s t o i -  

A l though t h e  da ta  i n  Tab le  2 a r e  p resen ted  as p y r i t e l p y r r h o t i t e  

The i r o n /  

I 

f 
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a c t i v e  c a t a l y t i c  spec ies  t o  be  i d e n t i f i e d ,  as  i t  i s  c l e a r  f rom t h e  da ta  
t h a t  t h e  non-magnet ic phase i s  t h e  phase i n  wh ich  t h e  c a t a l y t i c a l l y  a c t i v e  
i r o n  s u l f i d e  i s  b e i n g  formed. 

I t  i s  a l s o  p o s s i b l e  t h a t  t h e  i n f l u e n c e  o f  added H,S was t o  s u l f i d e  
n o n - p y r i t i c  i r o n  i n  t h e  i d igenous  coa l  m i n e r a l  ma t te r .  Ash and s u l f u r  
forms a n a l y s i s  on t h e  p a r e n t  c o a l  i n d i c a t e d  t h a t  about one h a l f  o f  t h e  
t o t a l  i r o n  was p resen t  as i r o n  p y r i t e  ( i n c l u d i n g  marcas i te ) ,  w i th  t h e  re -  
ma inder  o f  t h e  i r o n  b e i n g  p r e s e n t  i n  a n o n - s u l f i d e d  s t a t e .  Hydrogen s u l -  
f i d e  i n  t h e  r e a c t i o n  gas atmosphere would q u i c k l y  s u l f i d e  any n o n - p y r i t i c  
i r o n ,  and t h u s  genera te  a d d i t i o n a l  q u a n t i t i e s  o f  t h e  a c t i v e  c a t a l y s t .  Th is  
hypo thes i s  would e x p l a i n  t h e  enhanced convers ion  found w i t h  H S o n l y  added, 
as w e l l  as t h e  l a r g e  i n c r e a s e  i n  t o t a l  s u l f u r  found i n  t h e  THf - i nso lub les .  
U n f o r t u n a t e l y ,  t h e  sma l l  sample s i z e  o f  t h i s  f r a c t i o n  p rec ludes  a n a l y s i s  
fo r  forms o f  s u l f u r .  
homogeneous or heterogeneous c a t a l y t i c  e f f e c t  i s  o p e r a t i v e  a t  t hese  cond i -  
t i o n s .  

Such i n f o r m a t i o n  c o u l d  a i d  i n  e l u c i d a t i n g  whether a 
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Table 1 

Analysis of Coal 

Penn Stdte Reference No.: PSW-233 

Seam: Madge 

Mine: Energy Fuels 

State: Colorado 

Rank: hvCb 

Ult imate Analysis (ut%. as received) 

C = 69.0 

H 5 .3  

N - 1.7 

S - 0.5 

0 - 17.8 

dSh = 5.6 

Sul fur  Forms 

P y r i t i c  - .05 

S u l f i t i c  - n i l  

Organic - .45 

Proximate analysis (ut%, as receivedl  

bi s ture - 5.8 

Ash - 5.6 

Y o l a t l l e  M t t e r  36.9 

Fixed Cat%on - 51.6 

Maceral D i s t r i b u t i o n  ( v o l l ,  OWFl 

V i t r i n i t e  - 88.8 

l n e r t i n i t e  - 6.5 

L i p t l n i t e  - 4.7 

TABLE 2 

6 s r b a w r  Results 

Residence T i e *  

10 
10 
10 
10 
KO 
KO 
KO 
60 

H2S Content(S) 

0 
2 
5 

10 
0 
2 
5 

10 

Mn-Ragentic Phase 
( P y r l t e  Fract ion)  

29 
26 
30 
41 
25 
16 
24 

27 

Magnetic Phase 
(Pyrrhot i te  Fraction) 

71 
74 

70 
59 
75 
84 
76 
73 

Pyrrhot i te  
X-value 
(Fe,S) 

.a92 

.a94 

.a91 

.E85 

.a91 

.E99 

.a91 

.E86 

a l l  runs w i t h  10% added p y r i t e  
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FUTURE CATALYST METALS AVAILABILITY AND 
ASSESSMENT OF WASTE CATALYST RECLAMATION 

Shuji  Mori and A. D. McElroy 

M i d w e s t  Research I n s t i t u t e  
425 Volker Boulevard, 

Kansas City,  Missouri 64110 

‘ INTRODUCTION 

A study of c a t a l y s t  technology f o r  syn the t i c  f u e l s  production \ 

has been conducted, i n  order t o  develop the  basis f o r  project ion 
of potent ia l  c a t a l y s t  metal demands and f o r  examination of options 
f o r  mitigating adverse impacts upon the  supply of strategic or 
c r i t i c a l  metals. The study included direct and i n d i r e c t  coal  
l iquefact ion;  coal  g a s i f i c a t i o n  t o  s u b s t i t u t e d  na tu ra l  gas ( S N G ) :  
and shale  o i l h e a v y  o i l  processing. 

include s u b s t i t u t e  and improved c a t a l y s t s .  Spent c a t a l y s t  recla-  
mation processes w e r e  a l s o  examined. 

Options considered f o r  modifying demands f o r  c a t a l y s t  metals 

CRITICAL METALS AND CATALYTIC METALS 

United S t a t e s  and world c a t a l y s t  use is  growing i n  response 
t o  increased energy demands and stiff environmental regurat ions,  
and i s  very markedly affected by t h e  trend i n  petroleum re f in ing  
towards processing of heavier feedstocks which d r a s t i c a l l y  shor- 
t e n s  ca t a lys t  l i f e  by coke deposi t ion and heavy metal contamina- 
t ion. 

Numerous metals a r e  u t i l i z e d  a s  Catalysts ;  among t h e  92 natural  
elements, t r a n s i t i o n  metals a r e  most heavi ly  used. Many of the 
t r a n s i t i o n  metals are c r i t i c a l  or semi-cr i t ical  metals,  based on 
d e f i n i t i o n  i n  t h i s  study a s  follows: cr i t ical  metals-- 50% o r  
greater import r e l i ance ;  semi-cri ical--  25-50% import re l iance.  
U.S. Bureau of Mines s ta t is t ics’ , ’  served a s  the b a s i s  f o r  i den t i -  
fying the  c r i t i c a l  and semi-critical metals,  a s  shown i n  Figure 1, 

The list of c r i t i c a l  metals included a number of metals, which 
a r e  now used as  c a t a l y s t s ,  of t hese  petroleum hydrotreating cata- 
l y s t s  a r e  most heavi ly  used. The p r inc ipa l  funct ion of hydrotrea- 
t i n g  c a t a l y s t s  is removal of heteroatoms such a s  s u l f u r  and ni t ro-  
gen. Cobalt-molybdenum c a t a l y s t s  a r e  e f f e c t i v e  and extensively 
used: other hydrotreat ing c a t a l y s t s  a r e  nickel-molybdenum, and 
t ungsten-molybdenum. 
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Catalysts for direct coal liquefaction, shale oil and heavy 
oil hydroprocessing are adopted from the commercial catalysts 
used in petroleum refining. Theref ore e cobalt, molybdenum, nickel 
and tungsten will be most heavily used in synthetic fuel produc- 
tion processes. 

CATATAYTIC METALS DEMANDS BY SYNFUEL PROCESSES 

Four general synfuel process types were chosen: direct and 
indirect coal liquefaction, coal gasification to SNGs shale oil 
processing, and tar sands or heavy oils processing. 

for existing petroleum refining processes. 
(500 ppm or less) for the syracrudes of coal, shale and heavy oils 
are seldom met by their preliminary processes alone. Additional 
hydrotreating is accordingly required, but the catalyst metal 
requirment is small relative to the demands by the main process 
and was accordingly ignored, 

fuel processes were based on a 50,000 BPD syncrude plant, or a 
300 million sCFPD SNG production plant. 
metal consumption of each process, three kinds of information 
have to be given, namelyp catalyst metal composition, space 
velocity of feedstock, and the catalyst lifetime. In spite of 
substantial literature on synfuel processese firm information and 
data on catalysts were quite limited due to the proprietary 
nature of the technology and the uncertainties of a developing 
technology including particularly limited duration test. 
some results were best-estimated from available information and 
from industry contacts. The incremental catalyst metal demands 
for various 50,000 BPD coal liquefaction plants, typical process 
types for 300 million SCFPD SNG coal gasification plants, and 
50,000 BPD shale oil hydrotreating plants are shown in Table 1, 2, 
and 3 , respectively. 

ly on dissolved heavy metals concentration in the primary hydro- 
treating unit for heavy resid or bottom cuts, where most catalyst- 
contaminating metals tend to concentrate. Employment of a coking 
process, as well as a demetallization unit such as guard bed, 
Demet 111, or Antimony Passivation processes would drastically 
reduce the catalyst-contaminant metal concentration from 500 ppm 
to a few ppp level for some heavy oils. Major catalyst deactiva- 
tion metals are nickel, vanadium, iron and arsenic for some tar 
sands bitumen. 
catalyst consumption based on the vanadium and nickel present in 

Syncrude oils were assumed to be acceptable quality feedstocks 
Nitrogen specification 

This study of catalytic metal consumption from selected syn- 

To estimate the catalyst 

Therefore, 

Catalyst consumption by tar-sands or heavy oils depends high- 

Shioiri3 developed a correlation for hydrotreating 
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the feedstock, shown in Figure 2. It can be seen that catalyst 
replacement increases rapidly with vanadium content and to a 
lesser degree with nickel content. 

The major catalytic metals which would be used in the manu- 
facture of synthetic fuels have been identified as cobalt, 
molybdenum, irone nickel, chromium, and tungsten with minor 
amounts from the platinum and rare earth groups, 
lly possible to operate a synthetic fuels industty without critical 
materials through the use of alternative catalysts, such as 
molybdenum4 for coal liquefaction, and iron-titanium or cerium- 
molybdenum5 for methanation, instead of cobalt-molybdenum, and 
nickel, respectively. A second thrust in catalyst development of 
potential impact on metal consumption is directed at longer 
service life as well as higher reactivity of catalyst&. 

WASTE CATALYST METAL. RECLAMATION 

It is technica- 

c 
1 
k, 

4 

Several categories of technologies are available for the 
reclamation of waste catalysts. Among those, methods by wet- 
chemistry are typical and the schematic diagrams are shown for 
recovering cobalt, molybdenum and platinum in Figure 3. In 
recovering cobalt and molybdenum, the cobalt is converted to 
cobalt sulfate while the molybdenum is recovered as molybdate 
compounds. For platinum on alumina, it can be recovered either 
by dissolving platinum or alumina to separate components. 

With the exception of precious metals, reclamation of metals 
from catalysts is not generally practiced. Current reclamation 
is carried out by companies specializing in the eeebnolom, so 
that some reclamated metals are not recycled into catalysts, but 
reenter the metals market in a nonspecific way. With increased 
consumption, demand for reclamation technology would be expected 
to increaseo but would materialize only with adequate economic 
incentives. 

CONCLUSION AND RECOMMENDATIONS 

The main conclusions and recommendations can be summarized 
as follows9 

facture of synthetic fuels have been identified as cobalt, 
molybdenum, irono nickel, chromium, and tungsten with minor 
amounts from the platinum and rare-earth groups. 

Metals consumption in the designated catalysts for 
commercialized direct coal liquefaction and heavy oil synfuel 

1. The catalytic metals which would be used in the manu- 

2 .  

2 6 3  



processes would exert subs t an t i a l  impacts on the metal markets 
f o r  coba l t ,  n i cke l ,  and molybdenum. 

p o t e n t i a l  replacements for the  more c r i t i c a l  metals, pa r t i cu l -  
a r l y  cobal t  and nickel .  

4. Howev@r, t h e  g r e a t e s t  impact on metals consumption 
i n  t h e  c a t a l y s t  i ndus t ry  w i l l  come v i a  c a t a l y s t  reclamation. 
The reclamation technology is ava i l ab le ,  though not generally 
t a i l o r e d  and developed f o r  spent c a t a l y s t  processing. 
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TABLE 1 

COMPARISON OF IUcUEmhTAL CATALYST W4TAL D I W  POR 
VARIOUS S0.000 BPD COAL LXQUEPACTION P W S  

Dsaignated 
cata1ynt 

NolyMenum 
n-coa1 Cobalt 

KLW 

m.9 

SRC 

N i c k e l  
NolyMenm 

uolybdeaum 

ho-sta.gs Nickel 
Nolybdenum 

Bcrgius-Pier Iron 

Methanol-to- s h i f t  
Gasoline*+* 

*than01 
synthesis 

(Mobil) 

D?tE 
M-Gasoline 

Firher-Tropsch S h i r t  
(saaol-x)*** 

F -T 

Cobalt 
Mol ybdenum 

copper 
z inc 
cbrmim 
z e o l i t e  
ZSM-Zeolite 
Cobalt 
Molybdenum 
Iron 

mt.1 
Conamption 

&r-metal/eBLl* 

3.86 

1.2s 
4.67 

16.0 

9S.2 

S.81 
26.0 

3,890. 

1.22 
4.87 
0.68 
1.31 
0.24 
1.5 
9.8 
1.22 
4.87 

418. 

Inc remnta l  Demand For 
50.000 BPD syncrude 

Plant  (metric ton/yrl 

70.s 
292.S 

22.8 
85.3 

1.730. 

106. 
474. 

71.000. 

22.0 
87.6 
12.4 
23.9 
4.4 

27.4 
179.0 
22.0 
87.6 

7.628. ~~ 

An metal element. ** 
*** FOE, f u e l  o i l  equivalent  including hydrocarbon o i l  and gas  PrOdUCtm. 

Do" pr-ms c a t a l y s t  demand based on 100 ppm molybdenum i n  coal-s lurry.  

TAEld 2 

WARISON OF INCREUURTAL CATALYST mAL. D E W  PQI 
VARIOUS 300 MMSCFD COAL GASIFICATION PLAWTS 

m t a i  Incrementml Demand f o r  
Consumption 300 mcFD SNG Plant  

- . a  t a l v e t  m t a p  ~gr - s l e t a l /6nCPp*  J m t r i c  t o n h r l  

1.32 24.1 
IMlyMenun( 12%) 1.29 96.1 

mthana t ion  n i cml (15W 4.90 89.1 

Combined Shi f t /  s h i f t 1  Nickel(l5X) 1.60 29.2 
mthana t ion  mthana t ion  Ruthenium(.5%) 0.05 0.97 

c a t a l y t i c  canicier Potamilmm 8.600.*** 1S6,900. 
c a s i f i c a t i o n  

(Baton CCG) 

m t a l  content  assmad a s  0, ** 6mCF equivalent  t o  1 BEL o i l  product heat ing value. 
*a* aon conamption depends on aah mnt@nt  of  coal .  

TABLE 3 

COWARISON OF INCREMZNPAL CATALYST DEMAND FOR 
SO.000 BPD S W  OIL HYDRUI'REATING PLANTS 

*tal Incmesn ta l  Demand POT 

Catalvat  jar-metal /EaLP Plant. (metr ic  t on / r r l  
Designated Consumption 50.000 BPD Syncrude 

Preliminmry Stmgo Nicml 0.35 
Hydrotreating Uolybdenum 1.39 

mlmlsd Coking- nickel  0.16 
nydrotreat ing Molytdenum 0.64 

6.4 
25.4 

2.9 
11.6 
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INTRODUCTION 

P r o j e c t e d  shor tages o f  l i q u i d  f u e l s  have l e d  r e f i n e r i e s  t o  " look deeper 
Thus, t h e  heavy ends o f  
It i s ,  however, t h e  

i n t o  t h e  b a r r e l "  f o r  f u r t h e r  sources o f  hydrocarbon l i q u i d s .  
pe t ro leum a r e  assuming a " p o p u l a r i t y "  never b e f o r e  imagined. 
m i s f o r t u n e  of t hese  h e a v i e r  f r a c t i o n s  t o  be r i c h  i n  t h e  asphal tene p o r t i o n  o f  
pe t ro leum which i s  n o t  very amenable t o  r e f i n e r y  processes and i s  u s u a l l y  respons ib le  
f o r  coke lay-down and c a t a l y s t  i n e f f i c i e n c y .  Thus, a cons ide rab le  e f f o r t  has been 
a p p l i e d  t o  d e f i n i n g  asphal tenes i n  terms o f  s t r u c t u r a l  and f u n c t i o n a l  m o i e t i e s  on t h e  
presumpt ion t h a t  knowledge o f  t h e  s t r u c t u r e  w i l l  a s s i s t  i n  t h e  des ign o f  s u i t a b l e  
convers ion sequences i n  t h e  r e f i n e r y .  

o f  pet ro leum res idua,  bitumens and t h e  l i k e  i n  v a r i o u s  so l ven ts  ( 1 , 2 , 3 )  and t h e r e  has 
been cons ide rab le  s c i e n t i f i c  e f f o r t  t o  f u r t h e r  d e f i n e  asphal tenes i n  terms o f  
mo lecu la r  s t r u c t u r e s  (4,5,6). Never the less,  it must always be recognized t h a t  
asphal tenes ( f rom whatever t h e  source)  are, i n  f a c t ,  a s o l u b i l i t y  c l a s s  (F igu re  1 )  
and t h a t  t he  d e f i n i t i o n  i s ,  i n  f a c t ,  an o p e r a t i o n a l  one; t h a t  i s ,  asphal tenes a r e  
s o l u b l e  i n  l i g h t  aromat ics such as benzene o r  t o l u e n e  and i n s o l u b l e  i n  l i g h t  
p a r a f f i n s  such as pentane, hexane, heptane, e t c .  

by t h e  p a r t i c u l a r  p a r a f f i n  used t o  p r e c i p i t a t e  them f rom t h e  benzene-soluble p o r t i o n  
o f  t h e  feed. Thus, t h e r e  a r e  pentane-asphal tenes,  hexane-asphaltenes, heptane- 
asphal tenes,  and so on w i t h  t h e  y i e l d  o f  p a r a f f i n - i n s o l u b l e s  decreas ing w i t h  
i n c r e a s i n g  carbon number o f  t h e  p a r a f f i n  (9,10,11). For example, whereas l i q u i d  
propane w i  11 p r e c i p i t a t e  app rox ima te l y  50% o f  Athabasca bitumen as "asphal tenes"  t h e  
y i e l d s  o f  asphaltenes u s i n g  n-pentane, n-heptane and n-decane a re  1796, 11% and 9%. 
r e s p e c t i v e l y  ( l o ) ,  w i t h  ve ry  l i t t l e  d i f f e r e n c e  i n  t h e  amount p r e c i p i t a t e d  f o r  h i g h e r  
m o l e c u l a r  weight  n - p a r a f f i n s  ( 1 0 , l l ) .  However, i t  must be s t ressed  t h a t  t h e  a d d i t i o n  
of a minimum o f  40 volumes of t h e  l i q u i d  hydrocarbon i s  r e q u i r e d  f o r  com l e t e  
p r e c i p i t a t i o n  o f  t h e  asphal tene f r a c t i o n ;  use o f  much lower  p r o p o r t i o h e  
p r e c i p i t a t i n g  medium may l e a d  t o  e r r o r s  n o t  o n l y  i n  t h e  de te rm ina t ion  o f  t h e  amount 
of asphal tenes i n  t h e  crude o i l  b u t  a l s o  i n  any ensuing de te rm ina t ion  o f  com ound 
types i n  t h e  asphal tene f r a c t i o n .  For example, when i n s u f f i c i e n t  proport'i&kthe 
p r e c i p i t a t i n g  nedium a r e  employed, r e s i n s  are adsorbed o n t o  t h e  asphal tenes f rom t h e  
superna tan t  l i q u i d  and can be re leased  l a t e r  by r e p r e c i p i t a t i o n  (12). 
q u e s t i o n a b l e  i s o l a t i o n  techniques th row s e r i o u s  doubt on any conc lus ions  drawn f rom 
any subsequent work wi th  t h e  i s o l a t e d  m a t e r i a l .  

I n  sho r t ,  t h e r e  a r e  many shor tcomings i n  t h e  methods desc r ibed  f o r  t h e  
s e p a r a t i o n  of asphal tenes and t h e  techn iques  employed f o r  such endeavors a r e  o f t e n  
q u i t e  d i ve rse ,  i l l - d e f i n e d ,  d i f f i c u l t  t o  i n t e r r e l a t e  and d i f f i c u l t  t o  app ly  t o  t h e  
wide v a r i e t y  of complex m a t e r i a l s  t h a t  f a l l  i n t o  t h e  c l a s s i f i c a t i o n  o f  pet ro leums,  
bitumens and res idua  ( 1 3 ) .  

The present  d e f i n i t i o n  o f  asphal tenes i s  based on t h e  s o l u t i o n  p r o p e r t i e s  

I n  a d d i t i o n ,  t h e r e  a l s o  has been a growing tendency t o  c l a s s i f y  asphal tenes 

Thus, 
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600 t o  6000 by t h e  c ryoscop ic  method (21,22,23,24); 900 t o  2000 by v i s c o s i t y  
de te rm ina t ions  (16,25,26); 1000 t o  4000 by l i g h t  a d s o r p t i o n  c o e f f i c i e n t s  (27) ;  1000 
t o  5000 by vapor p ressu re  osmometry (28,29); and 2000 t o  3000 by an i s o t o n i c  (30) or 
equal vapor pressure (31) method. Thus, i t  i s  e v i d e n t  t h a t  t h e  n a t u r e  of t h e  
asphal tenes i s  not  conducive t o  t h e  d e t e r m i n a t i o n  o f  "abso lu te "  mo lecu la r  we igh ts  by 

\ 

i 

A f a i r l y  comprehensive s tudy o f  asphal tene mo lecu la r  we igh ts  by vapor 
p ressu re  osmometry (32) shows t h a t  t h e  mo lecu la r  weights  o f  va r ious  asphal tenes a r e  
dependent not on l y  on t h e  na tu re  o f  t h e  s o l v e n t  bu t  a l s o  on t h e  s o l u t i o n  temperatures 
a t  which t h e  de te rm ina t ions  were performed. 

f o r m u l a t i o n  o f  mo lecu la r  s t r u c t u r e s  o f  asphal tenes no t  o n l y  i n  terms o f  degree but  
a l s o  i n  terms o f  t h e  causes o f  t h e  v a r i a t i o n  i n  t h e  range o f  mo lecu la r  weights .  
Thus, t hose  methods which may i n v o l v e  i ncomp le te  p r e c i p i t a t i o n  o f  t h e  asphal tenes o r  
which a l l o w  t h e  i n c o r p o r a t i o n  o f  r e s i n  m a t e r i a l  i n t o  t h e  asphal tene n o t  o n l y  l e a d  t o  
e r r o r s  i n  e s t i m a t i o n  o f  t h e  composi t ion o f  crude o i l s  b u t  a l s o  l e a d  t o  e r r o r s  i n  
de te rm in ing  t h e  mo lecu la r  types which a r e  predominant i n  t h e  asphaltenes. 

rev iew o f  t h e  methods which have been employed f o r  t h e  d e t e r m i n a t i o n  o f  asphlatenes 
i n  petroleum, heavy o i l s ,  bitumens, and res idua  w i t h  s p e c i a l  emphasis on t h e  
a p p l i c a b i l i t y  o f  t hese  methods. I n  a d d i t i o n ,  t h e  i n f l u e n c e  o f  t h e  method o f  
s e p a r a t i o n  ( o r  p u r i f i c a t i o n )  on t h e  mo lecu la r  weight  o f  t h e  asphal tenes i s  examined 
i n  some d e t a i  1. 

Obvious ly ,  a l l  o f  t hese  obse rva t i ons  a r e  o f  some s i g n i f i c a n c e  i n  t h e  

1 
It i s ,  t h e r e f o r e ,  t h e  i n t e n t i o n  o f  t h e  p resen t  paper t o  p r o v i d e  a s e l e c t i v e  

EX PER I MENTAL 

Asphaltenes were i s o l a t e d  f rom Athabasca bitumen i n  t h e  manner desc r ibed  
elsewhere (10) and i n v o l v e d  r e p r e c i p i t a t i o n  of t h e  asphal tenes from benzene (19: 1 
m l . )  by n-pentane (40 volumes) o r  by n-heptane; i n  a d d i t i o n  t h e  asphal tenes rece ived  
a d d i t i o n a l  " p u r i f i c a t i o n "  by r e p e t i t i o n  of t h e  r e p r e c i p i t a t i o n  procedure. I n  a 
separate experiment, p y r i d i n e  was used i n s t e a d  o f  benzene f o r  t h e  f i r s t  and 
subsequent r e p r e c i p i t a t i o n  procedures. The u n t r e a t e d  asphal tenes were a l s o  
con t inuous ly  e x t r a c t e d  (Soxh le t )  f o r  24 hours (by which t ime  t h e  e x t r a c t s  were 
c o l o r l e s s )  w i t h  n-pentane. 

RESULTS AND DISCUSSION 

Asphaltene Separa t i on  

Asphaltenes a r e  dark brown t o  b lack  f r i a b l e  s o l i d s  t h a t  have no d e f i n i t e  
m e l t i n g  p o i n t  and, when heated, u s u s a l l y  intumesce, then  decompose l e a v i n g  a 
carbonaceous res idue.  They a r e  ob ta ined  f rom petro leums and b i tume s by a d d i t i o n  of 
a nonpolar  s o l v e n t  hav ing  a sur face t e n s i o n  lower  t h a n  25 dynes cm-' a t  25 degrees 
Ce ls ius  (such as l i q u e f i e d  pet ro leum gases, t h e  l o w - b o i l i n g  pe t ro leum naphthas, 
pe t ro leum e the r ,  pentane, iso-pentane, hexane, and he l i k e )  bu t  a r e  s o l u b l e  i n  
l i q u i d s  hav ing a Surface t e n s i o n  above 25 dynes 
d i s u l f i d e ,  carbon t e t r a c h l o r i d e ,  and benzene (10,33). 

such as p y r i d i n e ,  carbon 
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1 

The standards f o r  aspha l tene  d e t e r m i n a t i o n  have been p r e s c r i b e d  i n  exact 
d e t a i l  but  t h e r e  are, obv ious l y ,  many v a r i a t i o n s  t h a t  can be employed w i t h o u t  even 
c o n s i d e r i n g  t h e  v a r i a t i o n s  i n  p r e c i p i t a n t  (Tables 1 and 2). 
s u b s t i t u t i o n  o f  n-heptane by n-pentane as t h e  p r e c i p i t a t i n g  medium f o r  asphal tenes 
may, i n  i t s e l f ,  no t  appear as a s i g n i f i c a n t  change i n  t h e  method, t h e  respec t i ve  
y i e l d s  of asphal tenes w i l l  d i f f e r  markedly  (10). There have been s t r o n g  arguments i n  
favo r  of e i t h e r  p r e c i p i t a n t  and have v a r i e d  f rom t h e  "complete" p r e c i p i t a t i o n  of 
asphal tenes by n-pentane t o  t h e  p r e c i p i t a t i o n  o f  "pure"  asphal tenes by n-heptane. I n  
t h e  l a t t e r  case, t h e  " p u r i t y "  o f  t h e  asphal tenes i s  cons idered t o  be secured by t h e  
l ower  mo lecu la r  weight  asphal tenes ( o r  h i g h e r  mo lecu la r  weight  r e s i n s ? )  remain ing i n  
s o l u t i o n .  Obvious ly ,  t h e  p u r i t y  o f  t h e  p r e c i p i t a n t  w i l l  a l s o  a f f e c t  t h e  y i e l d  o f  
asphal tenes as w i l l  t h e  p r e c i p i t a n t  t o  o i l  r a t i o  (10) .  

Other predominant e f f e c t s  which i n f l u e n c e  t h e  y i e l d  (and q u a l i t y )  o f  t he  
asphal tenes a r e  (a)  use o f  a s o l v e n t  t o  s o l u b i l i z e  t h e  o i l  p r i o r  t o  p r e c i p i t a t i o n ;  
(b)  t h e  r a t i o  o f  s o l v e n t  t o  p r e c i p i t a n t ;  ( c )  t h e  r a t i o  o f  o i l  t o  p r e c i p i t a n t ;  and (d) 
t h e  con tac t  t i m e  o f  t h e  asphal tenes t o  supernatant  l i q u i d .  
asphal tenes my be d i f f i c u l t  t o  o b t a i n  i n  terms o f  exac t  q u a n t i t a t i v e l y  rep roduc ib le  
amounts i f  t h e  p r e c i p i t a n t  i s  a p p l i e d  d i r e c t l y  t o  c e r t a i n  heavy o i l s  and res idua,  
i .e. i t  i s  a c t u a l l y  employed t o  l each  s o l u b l e  m a t e r i a l  f rom t h e  mass (12). On t h e  
o t h e r  hand, i f  ( i n  t h e  absence o f  a s o l v e n t )  t h e  o i l / p r e c i p i t a n t  r a t i o  i s  t o o  l o w  
(e.g. 1:20) a s i t u a t i o n  a r i s e s  i n  which t h e r e  i s  p a r t i a l  s o l u b i l i z a t i o n  o f  t h e  
asphal tenes (10,12) because o f  t h e  e f f e c t s  o f  t h e  s o l u b l e  o i l  components and, hence, 
t h e r e  i s  t h e  need f o r  s tandard  methods t o  recommend r a t i o s  o f  t h e  o r d e r  o f  1:40. The 
y i e l d  o f  asphal tenes i s  c l o s e  t o  t h e  asympto t i c  l i m i t i n g  va lue when t h e  r a t i o  o f  o i l  
t o  p r e c i p i t a n t  i s  i n  excess o f  1:20 (12)  b u t  i f  a s o l v e n t  i s  used t h e  minimum r a t i o  
r e q u i r e d  i s  1:40 (i.e. o i l :  s o l v e n t :  p r e c i p i t a n t  = 1:1:40) the reby  ensuing e f f i c i e n t  
asphal tene separat ion.  

Thus, a l t hough  t h e  

. 

' 
With rega rd  t o  (a), 

F i n a l l y ,  w i t h  rega rd  t o  (d) ,  t h e r e  i s  a l s o  f ragmentary ev idence t h a t  ( f o r  
Athabasca b i tumen) ,  when t h e  asphal tenes a r e  a l l owed  t o  remain i n  c o n t a c t  w i t h  t h e  
supernatant  l i q u i d  f o r  pe r iods  i n  excess o f  8 hr., a d s o r p t i o n  o f  r e s i n  m a t e r i a l  w i l l  
occur  from t h e  l i q u i d  on to  t h e  asphal tenes and can be d i f f i c u l t  t o  remove by washing 
on t h e  f i l t e r  pad (12). 
of t h e  asphal tene p a r t i c l e s  a r e  a l s o  recommended (Tables 1 and 2) bu t  c a u t i o n  i s  
adv i sed  i f  t h e  s o l u t i o n s  a re  t o  be h o t - f i l t e r e d .  An i n c r e a s e  i n  temperature can 
cause a decrease i n  t h e  s o l u b i l i t y  o f  a s p h a l t i c  m a t e r i a l  i n  t h e  hydrocarbon (10 )  
the reby  adding " r e s i n "  m a t e r i a l  t o  t h e  asphal tene p r e c i p i t a t e .  

Thus, w h i l e  t h e  acceptance o f  a genera l  method o f  asphal tene de te rm ina t ion  
w i l l  be d i f f i c u l t ,  i t i s  t h e  on ly  means by which exac t  comparisons o f  pub l i shed  data 
can be made. Th is  would r e q u i r e  t h e  use o f  h i g h  p u r i t y  s o l v e n t s  as w e l l  as 
r e c o g n i t i o n  of t h e  i n t r i c a c i e s  o f  t h e  method. Th is  l a t t e r  i s  p a r t i c u l a r l y  impor tan t  
a t  a t i m e  when heavy feedstocks a r e  o f  i n c r e a s i n g  s i g n i f i c a n c e  and a t  a t i m e  when 
most researchers have m o d i f i e d  an a l r e a d y  e x i s t i n g  techn ique  t o  s a t i s f y  d i f f e r e n c e s  
i n  feedstock c h a r a c t e r  o r  even a v a i l a b i l i t y  o f  m a t e r i a l s .  

c u r r e n t l y  i n  use makes t h e  es tab l i shmen t  o f  a s tandard  method o f  asphal tene 
d e t e r m i n a t i o n  a lmost  impossib le .  
p r e c i p i t a n t  w i th  o r  w i t h o u t  a s o l v e n t  (e.g. t o l u e n e )  a l t hough  pentane i s  s t i l l  
f r e q u e n t l y  advocated as t h e  p r e c i p i t a t i n g  meidum wh i le ,  s u r p r i s i n g l y ,  i n  o t h e r  than  
i s o l a t e d  r e p o r t s  hexane has no t  r e c e i v e d  t h e  same a t t e n t i o n  as i t s  two immediate 
ne ighbors  i n  t h e  homologous se r ies .  Obvious ly ,  t h e  problem needs t o  be reso lved  so 
t h a t  comparisons o f  p u b l i s h e d  da ta  can be made on a f a i r  bas i s .  
t h a t  heptane i s  r e c e i v i n g  i n c r e a s i n g  acceptance as t h e  p r e c i p i t a n t  f o r  t h e  
d e t e r m i n a t i o n  o f  asphal tenes i n  pet ro leums,  heavy o i l s ,  bitumens, and res idua.  

Other e f f e c t s  such as t h e  use o f  heat t o  cause coagu la t i on  

I n  summary, t h e  complex n a t u r e  o f  t h e  m u l t i t u d e  o f  feedstocks t h a t  a r e  

The c u r r e n t  p r a c t i c e  i s  t o  employ heptane as t h e  

I n  f a c t ,  it appears 
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mo lecu la r  weights (above) and some q u e s t i o n  as t o  whether o r  n o t  t h e  values d e r i v e d  
by t h e  var ious methods a re  abso lu te  (15). 
one p a r t i c u l a r  method a r e  r e a l  (32) bu t  t h e  reasons f o r  t h i s  v a r i a t i o n  have remained 
specu la t i ve .  There has a l s o  been some s p e c u l a t i o n  about t h e  m o l e y l a r  weight  
v a r i a t i o n s  induced by t h e  presence o f  adsorbed o r  occ luded " r e s i n  ma te r ia l * .  
f ac t ,  t h e  data r e p o r t e d  h e r e i n  (Table 3) a f f o r d s  very s t r o n g  ev idence t o  suppor t  t h e  
c o n t e n t i o n  t h a t  r e s i n  m a t e r i a l  i s  occ luded w i t h i n  t h e  asphal tene m a t r i x  d u r i n g  t h e  
p r e c i p i t a t i o n  procedure. 
m a t e r i a l  g ives r i s e  t o  h i g h e r  mo lecu la r  weights  o f  t h e  p u r i f i e d  asphaltenes. It i s ,  
Of course, presumed t h a t  t h e  use o f  pentane th roughou t  as t h e  c o n t r o l l i n g  medium d i d  
n o t  cause l o s s  ( o r  removal) o f  any lower  mo lecu la r  weight  asphaltenes. 

There has been cons ide rab le  d i s c u s s i o n  on t h e  v a r i a t i o n  o f  asphal tene 

The v a r i a t i o n s  i n  t h e  data ob ta ined  by any 

I n  

I n  each case, t h e  removal o f  l ower  mo lecu la r  weight  r e s i n  

I n  a d d i t i o n ,  t h e  use o f  heptane as t h e  p r e c i p i t a t i n g  medium (Table 3 )  a l s o  
produced an asphal tene f r a c t i o n  t h a t  was contaminated by r e s i n  (heptane-solub le)  
m a t e r i a l  and which a l s o  i n f l u e n c e d  t h e  mo lecu la r  we igh t  o f  t h e  f r a c t i o n .  Again, 
r e p r e c i p i t a t i o n  ( t h r e e  t imes  w i t h  heptane) removed t h i s  m a t e r i a l  thereby causing a 
Cise i n  t h e  observed mo lecu la r  weights. 

3)  i n  t h e  manner no ted  p r e v i o u s l y  (32); i .e. s o l v e n t s  o f  h i g h  d i e l e c t r i c  constant  
decrease t h e  observed mo lecu la r  weights .  

c h a r a c t e r i s t i c s  depending upon t h e  n a t u r e  o f  t h e  s o l v e n t  i s  a l s o  t r u e  f o r  a s e r i e s  o f  
h i g h e r  molecular  weight  f r a c t i o n s .  
t h e  r e s u l t s  w i t h  these p a r t i c u l a r  (Athabasca) asphal tenes and w i t h  asphal tenes 
a v a i l a b l e  from o t h e r  crude o i l s  (32) suggest t h a t  m o l e c u l a r  we igh t  v a r i e s  w i t h  
d i e l e c t r i c  constant  o f  t h e  so l ven t ,  t h e r e  may be o t h e r  f a c t o r s  n o t  y e t  i n v e s t i g a t e d ,  
which may, i n  p a r t ,  a l s o  c o n t r i b u t e  t o  t h i s  phenomenon. 

Obviously, t h e  major  f i n d i n g  i s  t h a t  r e s i n s  occ luded w i t h i n  t h e  asphal tene 
d u r i n g  t h e  separa t i on  procedure a f f e c t s  t h e  apparent  s i z e  o f  t h e  asphal tene 
"molecules" i n  va r ious  so l ven t .  The concept t h a t  asphal tenes re lease  t h e  f i n a l  
v e s t i g e s  o f  t h i s  r e s i n  on l y  upon s w e l l i n g  by a s o l v e n t  such as p y r i d i n e  i s  a l s o  
worthy o f  note. I f  t h e  s t r u c t u r a l  t ypes  i n  pe t ro leum a r e  a c t u a l l y  a continuum o f  t h e  
same t y p e  from one f r a c t i o n  t o  another  ( e s p e c i a l l y ,  i n  t h i s  con tex t ,  f rom t h e  r e s i n s  
t o  t h e  asphal tenes)  t h e r e  i s  l i t t l e  t o  be i n f e r r e d  f rom t h i s  s tudy  o t h e r  than  t h e  
i n f l u e n c e  o f  degree o f  assoc ia t i on .  On t h e  o t h e r  hand, i f  t h e  s t r u c t u r a l  types vary 
from t h e  r e s i n s  t o  t h e  asphaltenes, i t  may be necessary t o  re-assess t h e  
d i s t r i b u t i o n ,  and even t h e  concepts, o f  mo lecu la r  types t h a t  have been proposed 
he re to fo re .  

I n  summary, it i s  obvious t h a t  asphal tenes a r e  d i f f i c u l t  t o  d e f i n e  even 

F i n a l l y ,  t h e  mo lecu la r  weights  o f  t h e  
p u r i f i e d "  asphaltenes a l s o  v a r i e d  w i t h  t h e  s o l v e n t  used f o r  t h e  d e t e r m i n a t i o n  (Table 

Is 

The tendency o f  asphal tenes t o  e x h i b i t  a s s o c i a t i o n / d i s s o c i a t i o n  
\ 

However, it should be noted here t h a t  a l though 

I 

when a s tandard method o f  p r e c i p i t a t i o n  i s  employed. 
recommended procedures (Tables 1 and 2)  may a l l  have some i n f l u e n c e  no t  o n l y  upon t h e  
y i e l d  but  a l s o  upon t h e  chemical na tu re  o f  t h i s  complex f r a c t i o n .  Indeed, t h e  
mo lecu la r  weight s tudy r e p o r t e d  h e r e i n  i n d i c a t e s ,  t o  some degree, t h e  major  
v a r i a t i o n s  t h a t  can occu r  i n  t h i s  r e l a t i v e l y  "s imple"  m o l e c u l a r  parameter. 
t h e r e f o r e ,  obv ious t h a t  asphal tenes a r e  no t  on l y  a complex chemical f r a c t i o n  bu t  a l s o  
a complex phys i ca l  f r a c t i o n  t h a t  i s  ex t reme ly  d i f f i c u l t  t o  d e f i n e  whether they  a r i s e  
f rom petro leum (33,34,35) o r  coal  l i q u i d s  (36). 

The many v a r i a t i o n s  i n  t h e  

It i s ,  

* Pentane-soluble m a t e r i a l  and i t  i s  presumed t h a t  analogous phenomena would 
be observed f o r  hexane-p rec ip i t a ted  o r  h e p t a n e - p r e c i p i t a t e d  asphaltenes. 
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Table 1 

Analy t ica l  Procedures for the Determination o f  Asphaltenes us ing Heptane 

Test No. /T i t le  

I P  143157 
Normal Heptane 
Insolub les 

ASTn 03219-16 
Normal Heptane 
Insolub les 
(9124116) 

IP 143177 
Asphaltenes Pre- 
c i p i t a t i o n  
w l t h  Normal 
Heptane 

Proposed 
Methods for 
Asphalt COm- 
pos i t i on  
Analysis (&In)  
(Hay, 1977) 

Sol vent (s) 

n-Heptane 
>99+ mol% 
(Pure grade) 

n-Heptane 
99 min mol% 
(Pure grade) 

n-Heptane, 
Toluene (o r  
Benzene) 

n-Heptane 
99+ mol% 
Pure grade 

sample/Soluti on Sol v E l g m  

Sl ight ly /No/  100 ml nC7/gm 
Warm For 
F i l t e r i n g  

51 i g h t l y l  
Ref 1 ux 

Heated 

100 m l  nCl/gm 

NoIRef l u x  30 ml nCl/gm 

I f  needed/ 
Yes 

100 m l  nC7/1 ml 

Standing 
Time 

1 hour 
cool ing 

1 hour 
cool ing 

- 

COO1 
f o r  
1.5-2.5 
h r  i n  
dark 

Over- 
n ight  
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Table 2 

Analy t ica l  Procedures f o r  t he  Determination o f  Asphaltenes us ing Pentane 

Test No./Tit le Solvent(sL 

ASTM 0893-69 n-Pentane 
(Procedure A) Comnercial 
Inso lub les i n  grade 
Used Lubr i ca t i ng  
O i  1 s (10/3/69) 

Syncrude n-Pentane. 
Ana ly t i ca l  Method Commercial ; 
f o r  Asphaltenes Benzene, ACS 
i n  Bitumen reagent 

ASTM 02006-70 n-Pentane 
Charac te r i s t i c  Commercial 
Groups i n  
Rubber Extender 
and Processing 
O i l s  by Pre- 
c i p i t a t i o n  
Method (2/27/70) 
(Discontinued) 

ASTM 02007-75 n-Pentane 
Charac te r i s t i c  Comnercial 
Groups i n  
Rubber Extender 
and Processing 
O i l s  by t h e  
Clay-Gel 
Adsor t i o n  
Ch r om%t og r a p h i  c 
Method (8/29/75) 

Sample/Soluti on S 0 l v ~ / g m  s t a g y  
Heated 

To 6515OC t o  10 m l  nC5/gm 3 hour 
suspend a l l  M X .  
so l i ds ,  f i l t e r  
through 150 m 
before adding 
so1 ventlroom 
temperature 

I f  necessary f 1 m l  Bz/gm 2 hours 
no 40 m l  nC5/gm 

VesINo 

No/ Yes 

50 ml nC5/gm 15 
hours 

10 m l  nC5/gm 30 min. 

Table 3 

Var ia t ion of Molecular Weight of Pentane-Precipitated Asphaltenes 

Asphaltenes 

Pentane 

rep rec ip i t a ted  (1) 
r e s i n  

reprec i  p i t a t e d  (3) 
r e s i n  

rep rec i  p i  t a t e d  (1)'" 

pentane ext racted 
r e s i n  

Heptane 

rep rec i  p i  t a ted  (x3) 
r e s i n  

wt.2 

100 

93 
7 

89 
13 

87 
13 

90 
10 

100 

92 
8 

So1 vent' 
C6H6 

4050 

5120 
710 

8710 
797 

13390 
940 

8450 
845 

6850 

8560 
1050 

Molecular Weight 
CH2Br2 CgHgN C&N02** 

2730 

3380 

5810 

8800 

6740 

4320 

6890 

2310 

2590 

_- 

_- 

3580 

4310 

1610 

2010 

2640 

2850 

2820 

2670 

2880 

Asphaltene concentrat ion:  2.5 w/u; temperatue 37°C 
** Extrapolated values from data derived a t  lOO'C, 115°C and 13OoC 

*** Pyr id ine used instead of benzene 
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Analytical  Cleavage o f  Diary1 Ethers a s  Models f o r  
Asphal tene  and Preasphal tene  S t ruc tures  

N.F. Woolsey, R.J. Bal t i sberger ,  D.Bartak, V.I. Stenberg 
K.M. Pa t e l ,  D. .Pa t i l ,  K. Kukaida and G .  Bolton 

Department of Chemistry, University of North Dakota, Grand Forks, NO 58202 

Detailed analyses of asphal tene  and preasphal tene samples have been previously 
ca r r i ed  o u t  (1). 
ace ty la t ion  followed by gel permeation chromatography and determination of the  hydroxyl 
conten t ,  t h e  base conten t ,  t he  molecular weight, and nmr parameters f o r  each f rac t ion .  
This study resu l ted  in model s t r u c t u r e s  f o r  asphaltene and preasphaltene f r ac t ions  which 
were q u i t e  s imi la r  except f o r  molecular weight and neutral  oxygen content.  An example 
of t he  type of s t ruc tu res  pos tu la ted  i s  shown below: 

These mater ia l s  were so lub i l i zed  by quan t i t a t ive  radioactive 

I 

The major func t iona l i ty  of oxygen deduced f o r  these  models was phenolic hydroxyl and 
ary l  e t h e r  groups. 
and preasphaltenes but hydroxyl conten ts  were s imi l a r .  Nearly a l l  o ther  s t ruc tura l  
parameters only changed s l i g h t l y  o r  not a t  a l l  on  comparing the  f r a c t i o n s  of d i f f e ren t  
molecular weight within a preasphalt.ene or  asphaltene sample. These same parameters 
were a l s o  qui te  s imi la r  when comparing the  asphaltene with the preasphaltene sample. 
Since e the r  func t iona l i t y  had a major ro l e  in d is t inguish ing  between asphaltenes and 
preasphaltenes,  an inves t iga t ion  of d i r e c t  methods f o r  quan t i t a t ive  e the r  determination 
was i n i t i a t e d .  

Investigation of t he  e t h e r  conten t  of coals and coal-derived mater ia l s  has been 
generally approached by a d i f f e r e n t i a l  determination of unreactive oxygen. Sporadic 
determination of e the r  conten ts  by d i r e c t  cleavage have been reported (2 ,3)  but only 
recent ly  have se l ec t ive  cleavage reac t ions  been applied ( 4 ) .  Very l i t t l e  systematic 
work on e ther  cleavage in coal ma te r i a l s  o r  on  coal model compounds has been pursued. 
Our i n t e r e s t  i n  asphaltenes and preasphaltenes led t o  an examination of e t h e r  cleavage 
techniques su i t ab le  f o r  s e l e c t i v e  cleavage of e the r s  in these  mater ia l s  with the  
objec t ive  of t h e i r  quan t i t a t ive  determinGtion. 
reductive cleavage of a ry l a ry l  e the r s .  

S ign i f i can t ly  the  amount of e t h e r  oxygen varied between asphaltenes 

The focus of t h i s  repor t  i s  the  

DISCUSSION -~ 
Sodium in  l i qu id  ammonia has  been known t o  cleave diary1 e the r s  f o r  some time ( 5 ) .  

The low so lub i l i t y  o f  coal ma te r i a l s  in l i qu id  ammonia and a des i r e  t o  car ry  o u t  
reac t ions  a t  higher temperatures h a s  l ed  t o  a study of e t h e r  cleavage with sodium and 
potassium u s i n g  hexamethylphosphoric tr iamide (HMPA) as  e lec t ron  t r a n s f e r  agent in 
tetrahydrofuran (THF) o r  1,2-dimethoxyethane ( D M E )  a s  so lvent  ( 6 ) .  The r e s u l t s  of 
t r e a t i n g  1 mole of model ether w i t h  2 t o  8 g-atom of sodium and 2 t o  8 moles of HMPA a re  
shown i n  Table 1. 
more sens i t i ve  e the r s  (e .g . ,  benzylphenyl and dibenzyl e t h e r s )  quan t i t a t ive ly .  
Dibenzofuran ( D F ) ,  however, was e s s e n t i a l l y  untouched by these  conditions ( less  than 10% 
cleavage. Refluxing caused an increase  in cleavage but only t o  50-60% y ie lds  of 
cleavage products. 

Room temperature runs were found t o  cleave diphenyl e the r  and other 

The problem was traced t o  the i n s t a b i l i t y  of t he  HMPA solvated 

276 



e l e c t r o n  system. 
HMPA was rep len i shed  p e r i o d i c a l l y  a t  4-6 h r  i n t e r v a l s .  Under these  c o n d i t i o n s ,  DF cou ld  
be c leaved  q u a n t i t a t i v e l y  w i t h  one supplementary a d d i t i o n  o f  HMPA ( a f t e r  4 h r )  i n  6-8 h r  
i n  r e f l u x i n g  THF. 

t h e  sequen t ia l  HMPA a d d i t i o n .  
t o  q u a n t i t a t i v e  l o s s  o f  s t a r t i n g  m a t e r i a l  and 91% o-benzylphenol formed a long  w i t h  
seve ra l  m ino r  u n i d e n t i f i e d  products .  

As p a r t  o f  o u r  a t tempt  t o  c leave  a l l  t h e  e t h e r s  i n  asphal tenes and preasphal tenes 
( f rom 0 t o  50% e t h e r  oxygen remained a f t e r  sodium/HMPA/THF r e f l u x  c o n d i t i o n s  i n  some 
p r e l i m i n a r y  r e s u l t s )  we began a survey o f  l i k e l y  e t h e r  s t r u c t u r a l  t ypes  p resen t  i n  these 
m a t e r i a l s  which m igh t  p reven t  complete e t h e r  cleavage. Two s t r u c t u r a l  t ypes  come t o  
mind which m igh t  be r e s i s t a n t  t o  r e d u c t i v e  cleavage: a)  p o l y c y c l i c  a r y l  e t h e r s  b )  
a n i o n i c  e the rs .  

a )  P o l y c y c l i c  e t h e r s  

I f  t h e  r e d u c t i o n  p o t e n t i a l  i s  c r i t i c a l  i n  de te rm in ing  whether  an e t h e r  c leaves o r  
n o t ,  p o l y c y c l i c  e t h e r s  which have lower  r e d u c t i o n  p o t e n t i a l s  may n o t  c leave.  
t h i s  p c s s i b i l  i t y  seve ra l  phenoxy1 p o l y c y c l i c  compounds were prepared and t r e a t e d  under  
e t h e r  c leavage c o n d i t i o n s .  The p o l y c y c l i c  phenyl  e t h e r s  wh ich  have been examined t h u s  
f a r  a r e  l i s t e d  i n  Table 1. S i g n i f i c a n t l y  each o f  these e t h e r s  under  t h e  m i l d e s t  
c o n d i t i o n s  (1, f o o t n o t e  a, Table 1) c leaved  e s s e n t i a l l y  q u a n t i t a t i v e l y  as j udged  by the 
amount o f  phenol produced. T h i s  f a c t  i s  c r i t i c a l  s i n c e  d e t e r m i n a t i o n  o f  t h e  i nc rease  i n  
hyd roxy l  con ten t  i s  used t o  judge t h e  e x t e n t  o f  c leavage i n  coa l  m a t e r i a l s .  Two 
fac to rs ,  however, e n t e r  i n t o  t h e  a n a l y s i s  which a r e  d e t r i m e n t a l  t o  f u r t h e r  examinat ion 
of t h e  c leaved samples. 
i s  s i g n i f i c a n t  f o r  coa l  m a t e r i a l s  as measured by t h e  s h i f t  f r om a romat i c  t o  a l i p h a t i c  
p ro tons  i n  t h e  H nmr spectrum. E i t h e r  t h e  c o a l  m a t e r i a l s  themselves (phenol ? )  o r  HMPA 
a c t  as t h e  p r o t o n  source. 
where v a r i o u s  reduced spec ies  a r e  produced. 
o l  i g o m e r i z a t i o n  o r  p o l y m e r i z a t i o n  occurs w i t h  t h e  p o l y c y c l i c  p o r t i o n  o f  t h e  c leaved 
model e the rs .  
Separate B i r c h  r e d u c t i o n  o f  t h e  p o l y c y c l i c  (naphthalene,  anthracene and pyrene)  under 
e t h e r  cleavage c o n d i t i o n s  has i n  genera l  produced known p r o d u c t s  w i t h  none o f  t h e  h i g h e r  
mo lecu la r  we igh t  m a t e r i a l  seen f rom e t h e r  cleavage. The p r e l i m i n a r y  e t h e r  cleavage 
r e s u l t s ,  however, i m p l i c a t e d  t h e  p r imary  c leavage products ,  t h e  p o l y c y c l i c  a romat i c  
hydrocarbons, as t h e  p r e c u r s o r s  o f  t h e  o l i g o m e r i c  products .  
observed p r e v i o u s l y  from coa l  m a t e r i a l  r e d u c t i o n s  u s i n g  sodium and naphthalene as t h e  
e l e c t r o n  t r a n s f e r  agent  (81. A l though a pu re  sample has n o t  been o b t a i n e d  yet, one 

d i T e r  formed from 1-phenoxynaphthalene has been p r e l i m i n a r i l y  i d e n t i f i e d  as I 1  f':%%, H nmr and ms of t h i s  crude sample. S ince these  m a t e r i a l s  a r e  n o t  s t a b l e  t o  
r e a c t i o n  c o n d i t i o n s ,  t h e  e x a c t  chemis t r y  o f  t h i s  aspect  o f  t h e  c leavage has n o t  as y e t  
been worked ou t .  
Tab le  1. 
r a t h e r  than  decrease, t h e  m o l e c u l a r  we igh t  of c o a l  samples d u r i n g  r e d u c t i v e  e t h e r  
cleavage r e a c t i o n s .  

b )  A n i o n i c  e t h e r s  

Xanthene was found d i f f i c u l t  t o  c l e a v e  w i t h  sodium ( c f .  Table 1). 
view o f  t h e  r e d  c o l o r  developed d u r i n g  t h e  r e a c t i o n  t h i s  r e s i s t a n c e  t o  
c leavage c o u l d  have been due t o  f o r m a t i o n  o f  t h e  b r i d g e d  an ion  111. 
h i g h e r  reduc ing  power of potass ium c o u l d  have a l l owed  fo rma t ion  and c leavage 
o f  t h e  d i a n i o n  a l though  o t h e r  mechanisms a r e  p o s s i b l e .  

S ince sodium i n  HMPA has a h a l f  l i f e  o f  o n l y  s e v e r a l  hours ( 7 ) ,  t h e  

Xanthene, however, was c leaved  t o  a maximum o f  69% even a t  r e f l u x  i n  THF u t i l i z i n g  
S u b s t i t u t i o n  o f  potass ium f o r  sodium and DME f o r  THF l e d  

To t e s t  

B i r c h  r e d u c t i o n ,  even i n  t h e  absence o f  an added p r o t o n  donor, 

T h i s  r e s u l t  i s  m i r r o r e d  i n  t h e  model compounds o f  Tab le  1 
Secondly, a c u r i o u s  r e d u c t i v e  

Mass r e c o v e r i e s  a r e  g e n e r a l l y  low f o r  t h i s  p o r t i o n  o f  t h e  e t h e r .  

S i m i l a r  products  have been 

O l igomer i c  m a t e r i a l s  a r e  observed f o r  a l l  t h e  p o l y c y c l i c  e t h e r s  i n  
These r e s u l t s  p o i n t  t o  t h e  p o s s i b i l i t y  t h a t  o l i g o m e r i i a t i o n  may increase,  

I n  

The 
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I gnas iak  has found t h a t  p-phenoxyphenol cannot  be c leaved  w i t h  sodium i n  l i q u i d  
ammonia (4 ) ;  cleavage does r e s u l t  a f t e r  a l k y l a t i o n  of  t h e  p h e n o l i c  group, however. 
v iew o f  t h e  h i g h  oxygen c o n t e n t  o f  ou r  model s t r u c t u r e  I ,  anions o f  t h i s  t y p e  cou ld  ve ry  
w e l l  be generated i r i  t h e  coa l  m a t e r i a l s .  We a r e  c u r r e n t l y  t e s t i n g  t h i s  concept t o  
complete t h e  e t h e r  c leavage of asphal tenes and preasphal tenes.  

I n  

I CONCLUSION 

P r e l i m i n a r y  da ta  f o r  t h e  r e d u c t i v e  c leavage o f  v a r i o u s  types o f  a r y l a r y l  e the rs  
i n d i c a t e s  t h e  p o s s i b i l i t y  o f  d i r e c t l y  measur ing t h e  amount o f  d i f f e r e n t  a r y l  e t h e r  types 
i n  coa l  d e r i v e d  m a t e r i a l s .  Reduct ive o l i g o m e r i z a t i o n ,  B i r c h  r e d u c t i o n  and an incomplete 
knowledge o f  e t h e r  t ypes  p r e s e n t  i n  coa l  m a t e r i a l s  reniain problems. 
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Tab le  1 Cleavage o f  P o l y c y c l i c p h e n y l  E the rs  w i t h  Sodium and HMPA 

E t h e r  Condi t i o n s a  --____ 

Diphenyl  e t h e r  1 
D i  benzofuran 1 

2 
Xanthene 2 

3 
1-Phenoxynaphthalene 1 

9-Phenoxyphenanthrene 1 

9-Phenoxyanthracene 1 

1-Phenoxypyrene 1 

Phenol Y i e l d  Others ( %  Y i e l d ) c  - 
100% benzene ( l o o ) ,  SM ( 0 )  
-- o-phenyl phenol ( l o ) ,  SM (89 )  
-- o-phenylphenol (100)  
-- o-benzy l  phenol (69 ) ,  SM (30 )  
-- o-benzy lphenol  (91) ,  SFi ( 0 )  
97 naphthalene ( 2 ) ,  1,Z-dihydro- 

93 phenanthrene ( t r )  , 9-10- 

90d anthracene ( 7 ) ,  9 , lO-d ihydro-  

naphthalene ( .7 ) ,  t e t r a l i r .  

d i  hydrophenanthrene (tr) , SF: 
( t r ) ,  o t h e r s  

anthracene (52 ) ,  anthrone ( 2 ) ,  
o t h e r s ,  SM ( 0 )  
pyrene ( l o o ) ,  SM ( 2 ) ,  o t h e r s  

(341, st-l ( 3 )  

102 

aCondi t ions:  1) 1:7:2 mo la r  r a t i o  ether:sodium:HMPA (excep t  d ipheny l  e t h e r  and 
9-phenoxypyrene where 1:2:2 was used) i n  THF a t  room temperature f o r  24 h r .  
A l l  m a t e r i a l s  were r i g c r o u s l y  d r i e d .  
used w i t h  HNPA be ing  added i n  2-4 p o r t i o n s  ove r  24 h r  a t  r e f l u x  ( t h e  r e a c t i o n  
was complete i r .  8 h r ) .  3 )  Sanie as 2 except  potass ium meta l  and DME were used 
i n s t e a d  o f  sodium and THF. 

2 )  Same except  a 1:7:7 molar  r a t i o  was 

bTliese va lues were determined by HPLC u s i n g  a d i r e c t  c a l i b r a t i o n  method and 
showed p r e c i s i o n  o f  +_ 5% w i t h  a Waters C-18 Bondapak column and v a r i o u s  
aqueous a c e t o n i t r i l e  concen t ra t i ons  as s o l v e n t .  

s t a r t i n g  m a t e r i a l ;  tr = t r a c e .  
‘These m a t e r i a l s  were i d e n t i f i e d  by comparison t o  known samples. 

d p r e l i m i n a r y  a n a l y s i s .  

SM = 
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Application of ESR fo r  Coal Pyrolysis and Quench Solvent Evaluation 

S.S. K i m ,  M.L. Jarand and K. Durai-Swanly 

Occidental Research Corporati on 
P.O. Box 19601, Irvine, CA 92713 

I n t rodu c t i on 

I t  has  l o n g  been suspected tha t  radicals play important roles d u r i n g  the 
pyrolysis of coal and a f t e r  production of the coal-derived l iquids.  Our 
objective is to  improve product y i e lds  and quality of the coal l iquids 
produced by understanding and controll ing f ree  radical chemistry i n  the 
py rol y s i s processes . 
T h i s  report describes the experimental resu l t s  i n  two parts: 
detection o f  phenalenyl - l i ke  rad ica ls  i n  coal pyrolysis process and 
Part  11, the quench solvent evaluation. 

I. 

Part I ,  the 

Detection of Phenalenyl -Like Radicals 

A. Coal Pyrolysis Vapor 

Retcofsky e t  a1.l recently reported i n  s i t u  coal pyrolysis 
experiments i n  which the s o l i d  phase region was studied, b u t  no ESR resu l t  
was reported on the study of the vapor phase components during coal 
pyrolysis. In order t o  detect  rad ica ls  i n  the vapor phase during pyroly- 
sis ,  the experimental apparatus shown i n  F i g .  1 was used. The  coal sam- 
ples for t h i s  experiment were prepared as follows: 

A piece (-5x5~5 cm3) o f  Wyodak subb i tuminous  coal was cleaved in a 
glove box f i l l e d  w i t h  nitrogen t o  prevent exposure to  oxygen. A 
small piece of coal w i t h  a l l  fresh surfaces was selected and ground 
(-100 microns) i n  the glove box w i t h  mortar and pestle.  The coal 
powder was transferred t o  a small fused s i l i c a  tube ( 2  rtnn ID ,  3 nun 
O D ) .  The small tube with coal powder was placed in a fused s i l i c a  
tube ( 3  mn ID ,  4 m OD). The amount of coal used fo r  each sample i s  
30-40 mgs. Glass wool packing (0.51 cm thick) was placed on top of 
the coal powder which prevents the coal powder from flying t o  the 
upper portion of the tube d u r i n g  experiments. 
before removal from the glove box and then quickly connected to  a 
vacuum line.  After evacuation overnight, the tube was sealed under 
vacuum. The length of the tube was made short, compared w i t h  the 
length of the dewar, such tha t  a l l  par t s  of the tube would be heated 
during pyrolysis of the coal. 

The tube was stoppered 

A sample so prepared was placed i n  the microwave cavity as shown i n  
Fig. 1. The coal was heated by blowing hot a i r  through the dewar using a 
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1 

commercial e l e c t r i c  heater  assembly (Wilmad WG-836 and WG-838). 
arrangement, temperatures up t o  550°C cou ld  be reached w i t h i n  5 minutes. 

For  the  de tec t i on  o f  rad i ca l s ,  a convent ional  EPR spectrometer (Var ian E- 
l o p )  w i t h  X-band rec tangu la r  c a v i t y  (E-231) was equipped w i t h  an "L"  
shaped water cooled p l a t e  at tached a t  t he  f r o n t  and bottom s ides of t h e  
c a v i t y  t o  prevent  i t  from hea t ing  by h o t  a i r .  
by a Varian E-935 data a c q u i s i t i o n  system. 

Experimental Resul ts  and Discuss ion 

When the coal sample was heated t o  -510"C, an ESR spectrum with hyper f i ne  
s t r u c t u r e  s t a r t e d  t o  appear. A se r ies  o f  spect ra obta ined a t  consecutive 
t imes i S  shown i n  Fig. 2. 
When the temperature reached 510"C, an ESR s igna l  (A) w i t h  hyper f ine 
s t r u c t u r e  appeared. 
t h e  cen te r  o f  Signal A. The i n t e n s i t y  o f  A s i g n a l  became steady a f t e r  
2 min., however, the B s igna l  grew s t e a d i l y  as t h e  p y r o l y s i s  proceeded. 

When the sample was a l lowed t o  cool  t o  -340"C, t h e  h y p e r f i n e  s t r u c t u r e  
s t a r t e d  t o  disappear and a t  room temperature the r e s u l t i n g  spectrum was 
w i t h o u t  any hyper f i ne  s t r u c t u r e  w i t h  broader l i n e w i d t h .  A t  h igh  temper- 
ature, the ESR i n t e n s i t y  corresponds t o  spins. When cooled t o  room 
temperature, a f t e r  t he  necessary temperature c o r r e c t i o n  w i t h  Cur ie ' s  1 aw, 
-30% o f  the t o t a l  sp in  disappeared. 

The disappearance o f  hyper f  i ne s t r u c t u r e  w i t h  o v e r a l l  broadening o f  t h e  
s ide  wing o f  t h e  c e n t r a l  peak s t rong ly  suggests t h a t  t h e  s igna l  A observed 
a t  h igh  temperature was from i n i t i a l  vapor phase r a d i c a l s  t h a t  formed 
d u r i n g  p y r o l y s i s  o f  coal. The gradual growth of 8 s i g n a l  a f t e r  the forma- 
t i o n  o f  A suggests t h a t  the B r a d i c a l s  cou ld  be po lymer i za t i on  products  o f  
A. The 8 r a d i c a l s  probably condense o u t  on the  sample tube as they are 
formed accounting f o r  t h e i r  l o s s  o f  h y p e r f i n e  s t r u c t u r e .  

A sample tube was opened i n  the a i r  a f t e r  t he  p y r o l y s i s  experiment and 
washed w i t h  THF and acetone. A dark brown c o l o r e d  f i l m  remained on the  
i n n e r  surface o f  t he  tube. 
t o  the  room temperature spectrum before opening t h e  tube (see Fig. 2) .  
Th i s  f i l m  i s  most l i k e l y  t h e  speculated polymer ized product. 

Spectra obta ined from th ree  samples are shown w i t h  t h e i r  s t i c k  diagrams i n  
F ig .  3. A t  t he  bottom o f  t he  f i g u r e ,  a c a l c u l a t e d  ESR spectrum of phenal- 
enyl r a d i c a l s  i s  shown w i t h  corresponding s t i c k  diagram f o r  comparison. 
The s imu la t i on  was computed on Varian Associates sof tware by us ing  
reported2 proton hyper f ine coup l i ng  constants, al =6.32 G, a,=1.81 G, and 
w i t h  i n d i  v idual  hyper f i ne  1 i newi d t h  o f  1 Gauss and Lo ren tz ian  1 i ne shape. 
Broser e t  repo r ted  ESR spect ra o f  severa l  a l k y l  s u b s t i t u t e d  phena- 
l e n y l  rad i ca l s ,  many o f  which showed s i m i l a r  o v e r a l l  spec t ra l  features.  
The observed spect ra from coal  p y r o l y s i s  vapor seem t o  be from a m ix tu re  
o f  t he  a l k y l  phenalenyl r a d i c a l s .  

With t h i s  

S ignal  averaging was done 

Each spectrum shown i s  an average of 2 scans. 

W i t h i n  two minutes another ESR s igna l  (B) appeared a t  

The f i l m  gave an ESR spectrum which i s  s i m i l a r  
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The signal B is probably from a polymerization product of the i n i t i a l  
phenalenyl-like radicals.  Singer and Lewis4 reported ESR spectra f o r  
phenalenyl radical produced by pyrolysis of acenaphthylene i n  m-quinque- 
phenyl solution a t  450OC. They a l so  proposed a possible polymerization 
scheme of i n i t i a l  acenaphthylene becoming a zethrene-type polycondensed 
ring structure.  
deduce tha t  i f  the primary rad ica ls  are quenched, s tab i l ized  by l igh ter  
radicals or hydrogen donors before they polymerize, products w i t h  lower 
molecular we igh t  would resu l t .  

The existence of phenalenyl-like radicals in a pyrolysis product of petro- 
leum hydrocarbons was reported by Bennett5 and Stehling.6 Thus  the detec- 
t ion of phenalenyl radicals i n  the coal pyrolysis vapor seems t o  be a 
reasonable one. 

I t  should be mentioned tha t  the detection of only phenalenyl-like radicals 
i n  the pyrolysis vapor does n o t  mean other radicals were not produced in 
the process. Shorter l ived rad ica ls ,  e.g., alkyl rad ica ls ,  might have 
been produced b u t  may not have a t ta ined  enough concentration t o  be 
detected by present method. 

As a practical  application of this resu l t ,  one could 

B. Coal -Derived Liquids 

Coal-derived l iqu ids  from the p i l o t  plant pyrolysis reactor 7 
were studied by using ESR. The l iquids were produced by quenching the 
pyrolysis vapor w i t h  H-donor sol vents, e. g., t e t ra1  i n  o r  hydrogenated 
creosote o i l s .  Fresh l iqu ids ,  before exposure t o  a i r  has occurred, 
contained phenalenyl radicals together w i t h  other s tab le  radicals.  The 
ESR spectrum of fresh coal l i q u i d  w i t h  calculated phenalenyl spectrum i s  
shown in Fig. 4. The phenalenyl radical signal disappeared when oxygen 
was bubbled through the l iquid.  
t ha t  of aged coal -derived 1 i q u i  d. 

A coal-derived l iquid exposed t o  a i r  was tested w i t h  a flow ce l l  reactor 
originally developed by Livingston e t  a1.8 
heating, the l i q u i d  gave an ESR signal ( A )  (see F i g .  5).  When heated a t  
450°C, phenalenyl-like radical signal ( B )  appeared on the top of the room 
temperature coal l iqu id  signal.  The difference, ( B ) - ( A ) ,  i s  shown as ( C )  
i n  Fig. 5. 
we believe tha t  the signal is  a mixture from various alkyl substi tuted 
phenal enyl -1 i ke radical s. 

With another coal-derived l iqu id ,  a similar ESR spectrum of phenalenyl- 
l i ke  radicals (D) was observed a t  515OC. In the two spectra, C and D i n  
Figure 5, the only difference between the two is  the central peaks w h i c h  
a re  from s tab le  radicals i n  the coal l i qu id  or polymerized products during 
pyrolysis. 
hyperfine coupling constants is shown a t  the bottom o f  the figure. 

ESR spectrum of the l i q u i d  was similar to 

A t  room temperature before 

As in the case of coal pyrolysis vapor described e a r l i e r ,  

The calculated ESR spectrum of phenalenyl w i t h  the reported 
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11. Quench Solvent  Eva lua t i on  

I n  the process o f  coal  p y r o l y s i s ,  var ious types o f  r a d i c a l s  a r e  
produced. I f  these r a d i c a l s  are no t  quenched f a s t  enough, e.g., by 
H-donor solvents, the r a d i c a l s  may recombine t o  make polymers. Since the  
purpose o f  coal p y r o l y s i s  i s  t o  make l i g h t  molecules by break ing bonds Of 
l a r g e r  molecules, the recombination r e a c t i o n  i s  h i g h l y  undesi rab le.  I n  
view Of t h i s ,  t h e  ef fect iveness o f  quench s o l v e n t  i n  coal pyrOlYSiS i s  a 
very important f a c t o r  f o r  the p roduc t i on  o f  l i g h t  coa l -de r i ved  l i q u i d s .  

There have been s tud ies  on eva lua t i on  o f  donor a b i l i t y  o f  quench solvents, 
e.g., by Bockrath and Noceti.9 The usual approach was t o  generate r a d i -  
ca l s  i n  various donor so lvents  and analyze the products by GC/MS techni  - 
que. Since t h i s  method does n o t  g ive much k i n e t i c  in format ion,  a s o l u t i o n  
f l o w  system through which one can d i r e c t l y  measure the  decay o f  r a d i c a l s  
a f t e r  i n t r o d u c t i o n  o f  quench so l  vents was devised. 

The f l o w  system o f  L i v i n g s t o n  was mod i f i ed  t o  study the decay k i n e t i c s  
a f t e r  i n j e c t i n g  donor solvents. Diphenylmethyl r a d i c a l s  were used as a 
model system t o  s imulate the f r e e  r a d i c a l s  generated i n  the  coal l i que fac -  
t i o n  processes. The diphenylmethyl r a d i c a l s  were generated by p y r o l y s i s  
( a t  44OoC, 1300-1400 p s i )  o f  0.02 M 1,1,2,2-tetraphenylethane i n  50:50 
(volume) benzene-diphenylmethane s o l u t i o n  as repo r ted  by L i v ings ton .  

Experimental Procedure 

I n  the f l o w  system o f  L i v i n g s t o n  e t  a l .  a s t r a i g h t  fused s i l i c a  c a p i l l a r y  
t u b i n g  was used as a p y r o l y s i s  r e a c t o r  i n s i d e  o f  a microwave c a v i t y .  I n  
the present study, the c a p i l l a r y  r e a c t o r  p o r t i o n  was mod i f i ed  t o  have two 
i n l e t s  and one o u t l e t  as shown i n  Fig. 6. Two c a p i l l a r y  tub ings (1.2 mm 
ID x 4.7 m OD) were j o i n e d  t o  accommodate the  f l o w  o f  s o l u t i o n  t o  be 
pyro lyzed a t  one branch (1) and the  f low o f  quench s o l v e n t  a t  t he  o the r  
branch (2). 
w i t h  the plane o f  branches 1 and 2 perpendicu lar  t o  the  h o t  a i r  i n l e t .  
Two HPLC pumps (Waters 6000A) were used t o  pump t h e  l i q u i d s  t o  t h e  
branches 1 and 2. 
system were discarded and never r e c i  r c u l  ated. 

Solvents used i n  the  experiment were reagent grade purchased from A l d r i c h  
Chemical Co. except hydrophenanthrene. The hydrophenanthrene was made i n  
our l abo ra to ry  by hydrogenation o f  phenanthrene under hydrogen pressure a t  
1500-2800 p s i  and 370°C w i t h  She l l  #454 ca ta l ys t .  A f t e r  f r a c t i o n a l  d i s -  
t i l l a t i o n ,  l i g h t  y e l l o w  l i q u i d  p o r t i o n  was c o l l e c t e d  and used i n  t h e  
quench experiment. 
o f  Table 1. 

Both branches of t he  c a p i l l a r y  reac to r  (see F ig .  6) were heated by b low ing  
e l e c t r i c a l l y  heated a i r  through the  dewar assembly. I n  branch 1, r a d i c a l s  
were created by p y r o l y s i s  of se lec ted  model compound s o l u t i o n  and then 
quenched w i t h  so l ven t  from branch 2. 

The c a p i l l a r y  reac to r  was housed i n s i d e  a fused quar t z  dewar 

I n  t h i s  experiment, the s o l u t i o n s  once through the  f l ow  

The composit ion of t he  m ix tu re  i s  shown a t  the bottom 
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I 

The change o f  r a d i c a l  concen t ra t i on  before and a f t e r  the i n t r o d u c t i o n  o f  
quench so lvent  was monitored by ESR. I n  t h i s  experiment, r a t i o  o f  t he  
f low r a t e  o f  each branch was k e p t  constant, the s o l u t i o n  t o  be pyro lyzed 
a t  1 and the quench so l ven t  a t  2 as 4 : l  by volume. By va ry ing  the  f l ow  
r a t e  wh i l e  keeping t h e  r a t i o  constant, the r a d i c a l  concen t ra t i on  was 
measured as a f u n c t i o n  o f  quenching durat ion,  i.e., the p e r i o d  o f  t ime  
needed f o r  the l i q u i d  t o  t r a v e l  through the 8 cm pa th  from the p o i n t  o f  
m ix ing  branch 1 and branch 2 t o  the  center  of the microwave c a v i t y .  To 
study the k i n e t i c s  o f  quenching severa l  se ts  o f  f l o w  r a t e s  were studied. 
I n  each set, t he  same f l o w  r a t e  was repeated twice, a t  branch 2, once w i t h  
benzene and once w i t h  the  d e s i r e d  quench so lvent .  
benzene was assumed as a non-donor so lvent .  

To discount  the  sol vent  d i l u t i o n  f a c t o r  and v a r i a t i o n s  i n  t h e  r e s i  dence 
time, the observed ESR s igna l  i n t e n s i t y  a f t e r  m ix ing  w i t h  quench so lvent  
(R) was normalized w i t h  respec t  t o  the  case w i t h  benzene ( R o l e  The r a t i o ,  
R/RQ, was then used as a measure o f  r e l a t i v e  concen t ra t i on  o f  r a d i c a l s  f o r  
a given f low rate.  

ExDerimental Resul ts  and D iscuss ion  

I 

I n  t h i s  experiment, 

The r e l a t i v e  concen t ra t i on  o f  diphenylmethyl r a d i c a l  was est imated by 
measuring t h e  he igh ts  o f  t h e  s t ronges t  peaks, 1 and I1 (see F ig.  7). 
Several measurements were repeated and averaged, and an average o f  peak 
h e i g h t  I and I1 was then used as a measure o f  r a d i c a l  concen t ra t i on  a t  a 
g iven flow ra te .  This  procedure was repeated a t  each f l o w  r a t e  once w i t h  
benzene f o r  Rg and once w i t h  quench so l ven t  f o r  R. The r a t i o ,  R/R,, was 
then p l o t t e d  i n  Fig. 8. 

The major quench r e a c t i o n  can be viewed as fo l l ows :  

Radical concen t ra t i on  CR], quench so l  vent  [SHI ,  

- -w = k [SH] [R] (1) 

i n  which k i s  a r a t e  constant  and t i s  quenching t ime. 
Since CR1 c0.02 M, and CR1 <<CSHl-1.5M, we can assume k' = k 
[SHI .  

- = k '  [R] 

I n  - - k '  ( t - t o )  o r  - - exp { -k '  ( t - t o  I]  %-- 

( 2 )  

( 3 )  
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i n  which to i s  the  t ime needed f o r  m ix ing  quench s o l v e n t  w i t h  t h e  
pyro lyzed s o l u t i o n  and k' i s  t he  pseudo f i r s t  order  r a t e  Constant. 

The equat ion ( 3 )  was used t o  f i n d  the  bes t  f i t  values o f  k '  with t h e  
experimental values f o r  t he  so l ven ts  studied. The r e s u l t s  a re  l i s t e d  
i n  Table l ,  

Dur ing the  quench experiments, no o t h e r  r a d i c a l  except t h e  diphenylmethyl 
r a d i c a l  was detected. It seems t h a t  t he  concentrat ions of the r a d i c a l s  
produced i n  the quenching process a re  too  l o w  t o  be detected by ESR. Fo r  
instance, the concen t ra t i on  o f  S -  r a d i c a l  i s  expected t o  be lower  than 
R., and as soon as the S. r a d i c a l s  are formed, they are engaged i n  
Various r e a c t i o n  pathways, such as recombination, d i sp ropor t i ona t ion ,  etC. 
and a spread o f  r a d i c a l  concentrat ions over  va r ious  in termediates r e s u l t s .  
Thus none o f  t he  i n te rmed ia tes  has h i g h  enough concen t ra t i on  t o  be 
detected by ESR. 

From t h e i r  end product  analys is ,  Bockrath e t  a1.* assigned s o l v e n t  i n d i c e s  
f o r  model hydrogen donor so lvents .  Using t h e i r  d e f i n i t i o n ,  t he  ESR r e s u l t  
cou ld  be accounted as a measure o f  combination o f  donor and scavenger 
e f fec ts  o f  quench so lvents .  

I n  Table 1, the pseudo f i r s t  order  r a t e  constants, k '  de r i ved  from ESR 
r e s u l t s  are compared w i t h  the  s o l v e n t  i nd i ces .  
where the same quench so l ven t  was used. 
phenanthrene used i n  t h i s  experiment was a m ix tu re  r a t h e r  than a pure 
compound, 9, 10-dihydrophenanthrene, as used by Bockrath e t  a l  .g 

I n  a commercial coal  p y r o l y s i s  process, coal  - d w i  ved recyc le  s o l  vent w i l l  
be p re fe rab le  and economical ly more a t t r a c t i v e  than  the  above quench so l -  
vents. For s imu la t i on  o f  the coal  -der ived r e c y c l e  solvent, hydrogenated 
creosote o i l s  were t e s t e d  us ing  the  same f l o w  c e l l  apparatus, t o  quench 
d i phenyl met hy 1 r a d  i ca 1 s . 
By us ing  t h i s  f l o w  c e l l  eva lua t i on  method, one can determine t h e  optimum 
hydrogenation c o n d i t i o n  o f  creosote o i l s  f o r  t he  bes t  quenching e f f e c t .  
The f i r s t  v a r i a b l e  chosen t o  study was hydrogenation temperature. 
o f  creosote o i l  were hydrogenated a t  300, 320, 360 and 400°C. Other 
cond i t i ons  were kep t  constant :  r e a c t i o n  time, 0.5 h r ;  c a t a l y s t  HDS-9A 
(American Cynamid); i n i t i a l  hydrogen pressure, 1500 p s i .  
was done i n  dup l i ca te  200 gr. batches a t  each temperature us ing  raw creo- 
so te  o i l  i n  a magnadrive autoclave. Each sample o f  hydrogenated creosote 
o i l  was then s t o r e d  w i t h  molecular sieves (Grade 564, 3A, Davison 
Chemical, -50 gr. molecular  s ieve  i n  -400 gr . )  o v e r n i g h t  t o  remove any 
water present. 

The r e s u l t s  of quenching experiments are shown i n  F i g  9. 
t he  creosote o i l s  hydrogenated a t  300-320°C seem t o  g i v e  the  f a s t e s t  
quenching e f f e c t .  The m i l d l y  hydrogenated creosote o i l  (300-320"C) was 

Ti- 

The t r e n d  seems t o  agree 
It should be noted t h a t  hydro- 

Samples 

Hydrogenation 

The samples were then f i l t e r e d  be fo re  use. 

I n  t h i s  ser ies,  
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found t o  con ta in  -0.27 M o l / g r  o f  pheno l i c  groups whereas t h e  severely 
hydrogenated creosote o i l  (400°C) d i d  n o t  have any de tec tab le  amount o f  
phenol ic  groups. The pheno l i c  groupslO may p lay  a r o l e  as hydrogen shut- 
t l e r s  d u r i n g  t h e  quenching process, thus enhancing the  donor a b i l i t y  o f  
t he  mildly hydrogenated creosote o i l s .  

The mod i f i ed  flow system descr ibed i n  t h i s  paper seems t o  g i ve  a con- 
venient  and accurate measurement o f  e f f e c t i v e n e s s  o f  quench solvents. The 
quenching experiments were done w i t h  on l y  one r a d i c a l  species, namely 
diphenylmethyl r a d i c a l .  Fu tu re  experiments w i l l  be expanded t o  o the r  
k i n d s  o f  r a d i c a l s  and w i t h  more v a r i e t y  o f  quench so lvents .  

Table 1. Quench s o l v e n t  eva lua t i on .  The bes t  f i t  k' values a r e  compared 
9 w i t h  the s o l v e n t  i n d i c e s  of Bockrath e t  a l .  

Solvent I nd i ces  

Solvent k '  /sec Donor Scavenger Combined 
w i t h  t0=0.72 Index Index Index 

Cumene 0.10 - - - 
Mesi ty lene 0.23 - - - 
Tetra1 i n  0.54 0.27 0.32 0.59 

Hydrop henan t hrene# 0.63 0.31* 0.23* 0.53* 

Indan 0.98 0.35 0.30 0.65 

* w i t h  9, 10-dihydrophenanthrene. 

# m ix tu res  of v i n y l  naphtha1 ene , p r o p y l d i  hydronaphthalene, butyldecahydro- 
naphthalene, tetradecahydrophenanthrene, octahydrophenanthrene, d ihydro-  
phenanthrene, tetrahydrophenanthrene, phenanthrene, hexahydrophenanthrene, 
d imethy l  tetrahydrophenanthrene. 
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Fig. 1. Experimental apparatus used for detection o f  radicals 
from coal pyrolysis vapor. 

Thermocouple 

,Hot air  

1 2  

Fig. 6 ,  Apparatus for radical quenching experiments; tw inlets 
were used. 1 for the solution to be pyrolyzed. 2 for 
the quench solvents. 

F i g .  7 .  ESR spectra of diphenylrnethyl fran 0.02 M tetraphenylethane 
i n  equal volume mixture  of benzene-diphenylmethane a t  440'C 
and 1300-1400 p s i ;  A .  before  quenching, 8 .  a f t e r  mixing 
w i t h  t e t r a l i n .  
Two peaks, I and 11. were used i n  comparing the degree of 
quenchfng w i t h  d i f f e r e n t  solvents. 
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Fig. 8. A p l o t  of R/R as a funct ion of  quenching time. The s o l i d  curves are calculated 
values w i th  best f i t  k ' .  

R = Radical concentrat ion w i th  benzene a t  branch 2. 

R = Radical concentrat ion w i th  donor solvent a t  branch 2. 
0 

Quenching time (seconds ) 

Fig.  9. A p l o t  of R/R Vs. quenching time. Hydrogenated creosote o i l s  mixed with benzene (50:50 0 
by volume) were used as solvents for  quenching diphenylmethyl rad ica ls .  
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Characterization of Controlled Flash 
Pyrolysis Coal Liquids 

Chi-hong 6. Chen and K. Durai-Swamy 

Occidental Research Corporation 
P. 0. Box 19601 
Irvine, Ca 92713 

Among the currently available coal l iquefaction processes, the Controlled 
Flash Pyrolysis ( C F P )  process developed by Occidental Research Corporation 
is  unique in several respects. The CFP process uses the hydrogenated 
recycle solvent fo r  the quenching of pyrolysis vapors. The solvent (in 
most cases t e t r a l i n  is  used as a model solvent) functions as a d i l u t i n g  
f ac to r  t o  decrease the probabili ty of polymerization and as hydrogen- 
shuttl ing agent t o  prevent the reactive f r ee  radicals i n  coal l iqu id  from 
further reactions. The coal l i q u i d  thus obtained is  presumably l igh ter  
and be t te r  i n  quality.’ 
composition of the CFP coal l iquids a re  therefore essential  i n  
understanding both the l i qu id  quali ty and the quenching mechanism of our 
process. 

Coal liquid i s  a complex mixture; i t s  understanding can be determined by 
both the study of i t s  general charac te r i s t ics  ( s t a t i s t i c a l l y  average 
properties),  and by a detailed analysis of i t s  chemical composition. 
Techniques developed for  the study of heavy o i l s  from petroleum can be 
applied for  coal l i q u i d  samples. 
average property, the conventional methods, such as elemental analysis, 
solvent c l a s s i f i ca t ion  t e s t ,  GPC, and ASTM D1160 d i s t i l l a t i o n  for  the 
l iqu id  analysis were employed. 
Ionization Mass Spectrometry (FIMS) which produces only molecular ions 
w i t h  very l i t t l e  fragmentation has a l so  been ut i l ized for  the determina- 
tion of molecular weight d i s t r ibu t ion .  
liquefaction products is d i f f i c u l t .  
samples, structural  analyses are usually 1 imited to  o i l  and asphaltene 
fractions.* $ 3  34 Chromatographic technique must be used for  separation 
before spectroscopic methods can be applied. 
chromatographic fractionation method analyzing not only asphal tene 
(benzene-soluble) b u t  a l so  preasphaltene materials. J .  E.  Dooley has 
performed an extensive study on the characterization of syncrudes from 
coal. 
study we have separated coal l iqu id  in to  f rac t ions  according t o  boiling 
point, polarity and ac id i ty /bas ic i ty .  
then u t i 1  ized for  i t s  chemical characterization. 

Wyodak coal was used for  the pyrolysis and the pyrolysis temperature 
varied from llOO°F t o  1600°F unless otherwise specified. The model quench 
solvent, t e t r a l i n  w i t h  10% of m-cresol was used fo r  the quenching of coal 

The determinations of the chemical nature and 

In th i s  study for  the determination of 

The recently developed technique of Field 

The detailed analysis of coal 
Due t o  the complexities of the l i q u i d  

M. Farcasiu5 has employed 

A GPC-NS correlation was developed i n  t h a t  study.6 In the present 

Combined spectroscopic methods a re  
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pyrolysis vapors. 
so lubi l i ty  of coal l iqu id  i n  t e t r a l i n ,  2) promote the hydrogen-shuttling 
mechanism.7 The removal of quench solvent which was carried out by 
Kugelrohr d i s t i l l a t i on  ( l b ,  50°C) was necessary before the analysis of 
coal l iquid began. Dur ing  the process of solvent removal, vo la t i le  
materials inevitably codis t i l l ed .  The coal l i q u i d  samples discussed here 
a re  therefore the 400"F+ material. 

The role of m-cresol can be two-fold: 1) increase the  

Elemental Analysis and Solvent Classification Test B: 
The general characterization of coal 1 i q u i d  s t a r t s  w i t h  elemental analysis 
and solvent c lass i f ica t ion  t e s t .  
temperature increases, the o i l  content and aromaticity of the 1 iquid 
increases accordingly, whereas the oxygen content decreases. 
finding was reported i n  the H-NMR study on the influence of pyrolysis 
temperature on the aromatic fraction and the phenolic content.8 
suggested t h a t  larger fused aromatic ring systems a re  produced and 

As shown i n  Table 1, as the pyrolysis 

A similar 

I t  was I 
L additional pyrolytic reactions occurred a t  higher temperatures. 

t 
Table 1 

Some Chemical Properties of Coal Liquids Prepared a t  
Different Pyrolysis Temperatures 

\ 1100°F 
c w t  % 79.19 
H w t  % 7.24 
N w t  % 1.11 
s w t  % 0.34 
0 w t  % 11.34 

o i  1 
asphal teneb 
preasphal teneC 

H/Ca 1.09 

1200°F 

6.80 
1.15 
0.35 

10.23 
1.00 

40.6 

19.6 

a i .  25 

39.8 

L i q u i d  
1300°F 

6.21 
1.17 
0.42 

10.05 
0.91 

46.0 
21.8 
26.6 

82.14 
1600°F 

4.72 
1.58 
0.51 

0.69 

84.73 

4.86 

56.3 
26.0 
16.3 

a material t ha t  is pentane soluble 
material t ha t  is pentane insoluble, b u t  toluene soluble 
material tha t  i s  toluene insoluble, b u t  pyridine soluble 

Yo1 a t i  1 i ty 

The vola t i l i ty  of coal l iquid was a l so  studied. 
ference of quench solvent, t e t r a l i n  and m-cresol , the amount of material 
which boils below 400°F was corrected fo r  t h e i r  presence a s  determined by 
GC . 

Because of the in t e r -  
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The 400"F+ m a t e r i a l  was then subjected t o  ASTM D1160 d i s t i l l a t i o n .  
the d i s t i l l a t i o n  requ i red  s i g n i f i c a n t  'amounts o f  ma te r ia l ,  on l y  two 
samples (1200°F and 1600°F) were s tud ied  us ing  t h i s  technique. Instead, 
f i e l d  i o n i z a t i o n  mass spectrometry which i s  u s e f u l  f o r  molecular weight 
d i s t r i b u t i o n  determinat ion was employed. 

FIMS was found t o  be useful i n  t h e  measurement o f  v o l a t i l i t y  s tud ies.  
Th is  i s  achieved s ince t h e  sample i n  t h e  probe can on ly  be vaporized i n  
vacuo under proper heating. 
o f  probe temperature the re fo re  r e f l e c t s  the  b o i l i n g  p o i n t  range o f  the 
mixture, a l though the  i o n i z a t i o n  p o t e n t i a l  o f  t he  components may s l i g h t l y  
i n f l u e n c e  the  p r e c i s i o n  o f  t h i s  method. This  approximation may be t o l e r -  
ab le  when t h e  v o l a t i l i t i e s  o f  d i f f e r e n t  coal  l i q u i d  samples are compared, 
cons ide r ing  the  s i m i l a r i t y  o f  mu1 ti-component p r o f i l e s  among l i q u i d  
samples. 
d i f f e r e n t  p y r o l y s i s  temperatures us ing  t h e  FIMS technique. 
1600°F generates t h e  l i g h t e s t  ma te r ia l .  

Thermogravimetric Ana lys i s  i s  c u r r e n t l y  be ing i n v e s t i g a t e d  f o r  ob ta in ing  
data on t h e  sample v o l a t i l i t y .  P re l im ina ry  r e s u l t s  on creosote o i l  (Fig. 
2) showed e x c e l l e n t  c o r r e l a t i o n  among D1160, s imulated GC d i s t i l l a t i o n  and 
TGA. Deviat ions occurred on ly  i n  the h i g h  temperature region. The 
advantage o f  t h i s  method i s  t h a t  on ly  a minute amount o f  sample i s  needed, 
and the c o s t  o f  the ana lys i s  i s  low. The major d i f f e r e n c e  between TGA and 
d i s t i l l a t i o n  i s  t h a t  the d i s t i l l a t i o n  i s  c a r r i e d  ou t  i n  an e q u i l i b r i u m  
state,  whereas TGA i s  c a r r i e d  o u t  under t h e  f l ow  o f  an i n e r t  gas. 

Since 

The change o f  i o n  i n t e n s i t i e s  w i t h  the change 

F ig .  1 shows the  comparison o f  t he  v o l a t i l i t y  o f  samples from 
Temperature 

Molecular  Weight D i s t r i b u t i o n  

Molecular weight d i s t r i b u t i o n  o f  coal  l i q u i d s  was determined by Gel 
Permeation Chromatography (GPC) and FIMS. 
e f f e c t  on the molecular  weight  d i s t r i b u t i o n  i s  i l l u s t r a t e d  i n  F ig.  3 and 
Table 2 as determined by GPC and FIMS respec t i ve l y .  

The p y r o l y s i s  temperature 

Table 2 

Effect of P y r o l y s i s  Condi t ions on Coal L i q u i d  400°F+ (FIMS Study) 

Number 
Ave. W t .  Ave. 

P y r o l y s i s  Condi ti on % Yo1 a t i  1 i zed M. W t .  M. A t .  

1100°F 
1200°F 
1300°F 
1600°F 

89 343 400 
88 307 344 
87 275 303 
88 284 310 

The t rend  of decreasing average molecular  wei ght  w i t h  i nc reas ing  p y r o l y s i s  
temperature i s  cons i s ten t  i n  both studies. 

294 



Composi t i o n a l  Analys is  

1200°F 

1600°F 

Comparison of FIWS o f  coal  l i q u i d s  obta ined a t  d i f f e r e n t  p y r o l y s i s  
temperatures reveals  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e i r  composit ions 
(Fig. 4). We have t h e r e f o r e  chosen two samples (1200°F and 1600°F) f o r  
comprehensive cha rac te r i za t i on .  The method developed by J. E. Oooley6 was 
adapted w i t h  some m o d i f i c a t i o n  i n  the  separat ion o f  t he  l i q u i d  mixture.  
The procedure inc ludes a t h r e e - t i e r e d  separation: d i s t i l l a t i o n ,  acid/base 
e x t r a c t i o n  and l i q u i d - s o l i d  chromatography as shown i n  F ig .  5. Three 
d i s t i l l a t i o n  cu ts  (400-650°F, 65O-74O0F, 740-870°F) from the  1600°F sample 
and two d i s t i l l a t e s  (4O0-65O0F, 650-700°F) from t h e  1200°F sample were 
used for  the f u r t h e r  separation. 
respec t i ve l y  gave the percentages o f  acids, bases and n e u t r a l s  as 1 i s t e d  
i n  Table 3 .  

E x t r a c t i o n  w i t h  1N NaOH and 1N HCl  

d i s t i l l a t e  1 
(400-650°F) 31.4% 4.8% 63.1% 

d i s t i l l a t e  2 
(650-700°F) 27.5% 7.6% 62.1% 

d i s t i l l a t e  1 
(400-650°F) 3.2% 4.5% 88.5% 

d i s t i l l a t e  2 
(650-740°F) 2.6% 3.1% 91.4% 

d i s t i l a l t e  3 
(740-870°F) 4.5% 1.6% 73.0% 

Table 3 

D i s t r i b u t i o n  o f  Acids, Bases and Neu t ra l s  
i n  Coal L i q u i d  Sample 

The a c i d i c  p o r t i o n  present  i n  the 1600°F sample i s  cons iderably  lower  than 
t h e  1200"F, which i s  i n  agreement w i t h  the lower  oxygen content  discussed 
before. 
i n v e s t i g a t e d  by C-13 NMR and I R  t o  o b t a i n  i n f o r m a t i o n  on the  d i s t r i b u t i o n  
o f  f unc t i ona l  groups con ta in ing  heteroatoms such as oxygen and n i t rogen.  
The neu t ra l  f r a c t i o n s  were then f u r t h e r  separated i n t o  sub f rac t i ons  by 
chromatographic methods u t i l i z i n g  both s i l i c a  and alumina i n  a s i n g l e  
column, e l u t i n g  w i t h  hexane, benzene/hexane (5%, then 20%), CHCl,, and 

These p o l a r  compounds (ac ids  and bases) a re  c u r r e n t l y  be ing 
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f i n a l l y  CH OH/CHCl, (10%). 
are saturates, monoaromatics, d iaromat ics and polyaromat ics were f u r t h e r  
examined by t h e i r  r e t e n t i o n  f a c t o r s  (Rf) on t h i n  l a y e r  chromatography 
against  standards (benzene, naphthalene, and phenanthrene). The e f f i -  
c iency o f  t h e  dual packed column separat ion a r e  being s tud ied  by GC-MS. 
The r e s u l t s  w i l l  be discussed. 

The sub f rac t i ons  c o l l e c t e d  which presumably 
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Figure 3 

Gel Permeation Chromatograms of Coal Liquids 

FIGURE 5 

Separation m d  Characterization Procedure for Coal Liquids 
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FIGURE 4b 

Canparison of Flns of Coal Liquid Samples 
Obtained a t  Different TmPeratuTeS 
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FIGURI  4a 

Cmparison o f  FIRS of Coal Liquid Samples 

Obtained a t  Different Tenfperatures 
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RELATIVE CATALYTIC ACTIVITY OF I R O N  CONTAINING MINERALS 
FOR THE HYDROGASIFICATION OF COAL* 

Thomas D .  P a d r i c k ,  James K .  R i c e ,  and Thomas Irl. h lass i s  
S a n d i a  N a t i o n a l  L a b o r a t o r i e s ,  Albuquerque ,  NFI 87185 

INTRODUCTION 

H y d r o g a s i f i c a t i o n  o f  c o a l  i s  a t e c h n i q u e  f o r  producing  s y n t h e t i c  
n a t u r a l  g a s  (SNG) which o f f e r s  t h e  a d v a n t a g e  o f  methane p r o d u c t i o n  i n  
a s i n g l e  p r o c e s s  s t e p .  A f u n d a m e n t a l  l i m i t a t i o n  o f  h y d r o g a s i f i c a t i o n  
i s  t h e  low r e a c t i v i t y  o f  h y d r o g e n ,  compared t o  s team o r  oxyEen, 
towards  c o a l  c h a r s .  U t i l i z a t i o n  o f  a l o w - c o s t  c a t a l y s t  t h a t  would 
g r e a t l y  enhance t h e  r e a c t i v i t y  o f  hydrogen  towards  c o a l  c h a r  would 
s i g n i f i c a n t l y  impact  t h e  SNG program. 

I t  h a s  been known f o r  some t i m e  t h a t  v a r i o u s  i n o r g a n i c  s p e c i e s  have a 
c a t a l y t i c  e f f e c t  on g a s i f i c a t i o n  r a t e s  o f  c a r b o n s  and g r a p h i t e s  (1). 
R e c e n t l y ,  H s t t i n g e r  and Krauss  ( 2 )  i n v e s t i g a t e d  t h e  c a t a l y t i c  a c t i v i t y  
o f  c o a l  m i n e r a l s  i n  t h e  h y d r o g a s i f i c a t i o n  o f  c o a l .  They s t u d i e d  s i x  
b i tuminous  c o a l s  i n  a f i x e d - b e d  f l o w  r e a c t o r  a t  p r e s s u r e s  up t o  2 blPa 
and t e m p e r a t u r e s  from 400 t o  960OC. Methane f o r m a t i o n  was o b s e r v e d  
i n  t h r e e  d i s t i n c t  r a n g e s  between 500 and 6OO0C, 750 t o  800°C, and 
> 8 5 O o C .  They d e t e r m i n e d  t h a t  i n  t h e  r e g i o n  >850°C, i r o n  can  a c c e l e r a t e  
methane f o r m a t i o n  s i g n i f i c a n t l y  i f  t h e  p r e s s u r e  i s  s u f f i c i e n t l y  h i g h .  

#e i n v e s t i g a t e d  t h e  c a t a l y t i c  a c t i v i t y  of s e v e r a l  i r o n  compounds on t h e  
h y d r o g a s i f i c a t i o n  o f  a P i t t s b u r g h  Seam c o a l  a t  one atmosphere o f  
H ( 3 ) .  We o b s e r v e d  t h a t  t h e  c a t a l y t i c  a c t i v i t y  i s  dependent  on t h e  
p i r t i c u l a r  i r o n  compound w i t h  t h e  f o l l o w i n g  o r d e r  o b s e r v e d  (most a c t i v e  
t o  l e a s t  a c t i v e ) :  Fe 0 > Fe304 > FeSO > FeS2 FeO > F e .  I n  t h i s  
p a p e r ,  we s h a l l  desc$i$e  t h e  r e s u l t s  of two s e r i e s  o f  e x p e r i m e n t s  
performed t o  a i d  i n  i n t e r p r e t i n g  t h i s  dependence o f  reduced  i r o n  
c a t a l y t i c  a c t i v i t y  on p r e c u r s o r  s p e c i e s .  I t  h a s  been assumed t h a t  t h e  
r o l e  o f  reduced  i r o n  i n  c a t a l y z i n g  h y d r o g a s i f i c a t i o n  i s  d i s s o c i a t i o n  
of H ( 4 ) .  A l s o ,  t h e r e  i s  e v i d e n c e  t h a t  c a t a l y s t s  a f f e c t  g a s i f i c a t i o n  
by p g y s i c a l  i n t e r a c t i o n  w i t h  t h e  c o a l  ( 5 ) .  
measurements of  t h e  H / D  exchange a c t i v i t y  o v e r  reduced  i r o n  com- 
pounds and p r e s e n t  daza  6n s u r f a c e  a r e a s  and t o t a l  p o r e  volumes 
f o r  c h a r s  formed from t h e  c o a l  p l u s  i r o n  compound samples .  F i n a l l y ,  
we s h a l l  d i s c u s s  t h e s e  r e s u l t s  w i t h  r e s p e c t  t o  t h e  o b s e r v e d  dependence 
of  g a s i f i c a t i o n  r a t e s  on t h e  p a r t i c u l a r  i r o n  compound added.  

Thus,  we s h a l l  r e p o r t  

H 2 / D 2  EXCHANGE STUDIES 

Experiment and R e s u l t s  

For  t h e  H / D z  exchange e x p e r i m e n t s ,  t h e  e x p e r i m e n t a l  a p p a r a t u s  c o n s i s -  
t e d  o f  a h o w  c o n t r o l l e d  s o u r c e  o f  H and D , a g a s  mixing s e c t i o n ,  
and a t e m p e r a t u r e  c o n t r o l l e d  oven .  ?he c a t g l y s t  sample was c o n t a i n e d  
w i t h i n  a 0 . 5  cm I .D.  q u a r t z  t u b e  i n s i d e  t h e  oven.  An i r o n - c o n s t a n t a n  
thermocouple  mounted on t h e  w a l l  o f  t h e  t u b e  was used  t o  m o n i t o r  t h e  
sample t e m p e r a t u r e .  

T h i s  work s u p p o r t e d  by t h e  U.S. Department  o f  Energy under  C o n t r a c t  
DE-AC04-76DP00789. 
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The e x p e r i m e n t a l  p r o c e d u r e  was as f o l l o w s .  A sample of  e a c h  i r o n  
compound, of s u f f i c i e n t  w e i g h t  t o  c o n t a i n  70  mg o f  e l e m e n t a l  i r o n ,  
was P o s i t i o n e d  i n  t h e  q u a r t z  t u b e  between q u a r t z - w o o l  p l u g s .  An 
a p p r o x i m a t e l y  e q u i m o l a r  f l o w  o f  H and D w a s  e s t a b l i s h e d  t h r o u g h  t h e  
sample a t  a nominal  f low r a t e  o f  25 ml/m?n. The oven t e m p e r a t u r e  
was r a i s e d  t o  1000°C and h e l d  t h e r e  f o r  t h i r t y  m i n u t e s  t o  r e d u c e  t h e  
sample t o  e l e m e n t a l  i r o n .  Under a c o n t i n u o u s  s t e a d y  f low of H and 
D , t h e  sample t e m p e r a t u r e  was lowered t o  t h e  d e s i r e d  measuremint  
tgmpera ture  and s t a b i l i z e d  t h e r e .  
e n t r a n c e  and e x i t  o f  t h e  oven were u s e d  t o  o b t a i n  a sample of t h e  
H / D  m i x t u r e  b e f o r e  i t s  p a s s a g e  t h r o u g h  t h e  c a t a l y s t  and a sample of  
t6e 6 / D  /HD m i x t u r e  a f t e r  t h e  c a t a l y s t .  
ana ly8ed2wi th  a c a l i b r a t e d  UTI q u a d r u p o l e  mass s p e c t r o m e t e r  t o  d e t e r -  
mine t h e  H D / H 2  and D / H  Blank r u n s ,  w i t h  H 2 / D 2  f low through 
h e a t e d  q u a r t z - w o o l  wgthgut  a c a t a l y s t  sample ,  showed no c o n v e r s i o n  t o  
HD.  

The y i e l d  o f  HD i n  t h e  g a s  sample c o l l e c t e d  a f t e r  p a s s a g e  t h r o u g h  t h e  
c a t a l y s t  i s  p l o t t e d  a s  a f u n c t i o n  o f  sample t e m p e r a t u r e  i n  F i g u r e s  1 
and 2 .  In p l o t t i n g  t h e s e  f i g u r e s ,  t h e  amount o f  HD i n  t h e  sample was 
d i v i d e d  by t h e  amount o f  HD t h a t  w e  e x p e c t e d  t o  be  p r e s e n t  b a s e d  on 
thermodynamic e q u i l i b r i u m .  These t e m p e r a t u r e - d e p e n d e n t  d a t a  show 
s e v e r a l  i n t e r e s t i n g  f e a t u r e s .  Each sample e x h i b i t s  a c h a r a c t e r i s t i c  
t e m p e r a t u r e  a t  which t h e  c o n v e r s i o n  r e a c t i o n  i s  c a t a l y z e d .  For  h i g h e r  
t e m p e r a t u r e s ,  t h e  HD y i e l d  i s  w i t h i n  a few p e r c e n t  o f  t h e  thermodynamic 
v a l u e  b u t  a p p e a r s  t o  c o n s i s t e n t l y  exceed  i t .  A l s o ,  samples  t h a t  
e x h i b i t  l a r g e r  c h a r a c t e r i s t i c  t e m p e r a t u r e s  a l s o  show a more g r a d u a l  
r i s e  i n  HD y i e l d  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  w h i l e  samples  w i t h  a 
low c h a r a c t e r i s t i c  t e m p e r a t u r e  show a v e r y  r a p i d  change t o  f u l l  
a c t i v i t y .  From F i g s .  1 and 2 ,  w e  c a n  conclude  t h a t  t h e  r e l a t i v e  
o r d e r i n g  f o r  c a t a l y z i n g  H / D 7  exchange o v e r  t h e  reduced  i r o n  compounds 
i s  F e  0 
t h a t  $h8 more a c t i v e  c a t a l y s t s  a r e 4 t h e  on&s w i t h  t h e  lower  c h a r a c t e r -  
i s t i c  t e m p e r a t u r e s .  

I n - l i n e  sample  b o t t l e s  a t  t h e  

These g a s e s  were t h e n  

r a t i o s .  

> Fe203 7 Fe > F 6 O  5 FeSO > FeS . T h i s  o r d e r i n g  assumes 

Model 

The r e s u l t s  p r e s e n t e d  above can  b e  i n t e r p r e t e d  on t h e  b a s i s  o f  a s imple  
phenomenological  model ,  which we d e r i v e  below. We assume t h a t  a f r a c -  
t i o n  o f  t h e  H and D2 (and HD when p r e s e n t )  f l o w i n g  t h r o u g h  t h e  c a t a -  
l y s t  a r e  chemisorbed (and d i s s o c i a t e d )  on t h e  i r o n  s u r f a c e .  
can  be  formed by a v a r i e t y  o f  g a s / s u r f a c e  i n t e r a c t i o n  mechanisms ( 6 ) .  
For  t h e  p r e s e n t  model ,  we d i l l  assume a p u r e l y  s u r f a c e  mechanism; t h a t  
i s ,  HD i s  produced  by t h e  a s s o c i a t i o n  o f  H and D atoms on t h e  s u r f a c e  
and subsequent  d e s o r p t i o n  o f  H D .  F o r  t h i s  mechanism, t h e  r a t e  o f  HD 
f o r m a t i o n  i s  governed by 

The H D  

where S i s  t h e  c o n c e n t r a t i o n  of empty,  p o t e n t i a l l y  a c t i v e  s u r f a c e  
s i t e s  and SH and SD a r e  t h e  c o n c e n t r a t i o n s  of  s u r f a c e  s i t e s  c o n t a i n i n g  
H and D a toms,  r e s p e c t i v e l y .  We assume t h a t  t h e  a v a i l a b l e  s i t e s  a r e  
r a p i d l y  o c c u p i e d  by f I  and D atoms a t  an e q u i l i b r i u m  c o n c e n t r a t i o n  
t h a t  i s  i n s e n s i t i v e  t o  t h e  c o n c e n t r a t i o n  o f  H D .  Denot ing  t h e s e  
e q u i l i b r i u m  c o n c e n t r a t i o n s  by s u p e r s c r i p t  "e", we o b t a i n  from Eq. (1) 
t h e  f o l l o w i n g  r a t e  e q u a t i o n  f o r  HD f o r m a t i o n  
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- -  HD - k-  S E  s i  (.l - - * I  
d t  H D ~  

( 2 1  

In d e r i v i n g  Eq. ( Z ) ,  we have  r e q u i r e d  t h e  t i m e  d e r i v a t i v e  t o  v a n i s h  
a s  t -+ m and HD + HDe.  I n t e g r a t i n g  Eq. ( 2 )  o v e r  t h e  time i n t e r v a l  T 
f o r  which t h e  g a s  s t r e a m  i s  i n  c o n t a c t  w i t h  t h e  c a t a l y s t  y i e l d s  

- H D  = 1 - e x p  ( -exp  (F (k - +I ) )  
H D ~  

where 
- E / R T  k -  E A e  

( 3 )  

and 

Equat ion  (3)  c o n t a i n s  two p a r a m e t e r s  t h a t  c h a r a c t e r i z e  t h e  d a t a ,  a 
c h a r a c t e r i s t i c  t e m p e r a t u r e  T a t  which t h e  sample becomes e f f e c t i v e  i n  
c a t a l y z i n g  t h e  exchange r e a c e i o n ,  and an e n e r g y  E ,  which r e p r e s e n t s  
t h e  o v e r a l l  a c t i v a t i o n  e n e r g y  a s s o c i a t e d  w i t h  t h e  s u r f a c e  r e a c t i o n  of  
H and D t o  form desorbed  HD.  

T h i s  model f i t s  t h e  e x p e r i m e n t a l  d a t a  q u i t e  w e l l  as  shown by t h e  
s o l i d  l i n e s  i n  F i g s .  1 and 2 .  An E / R  v a l u e  of  1 5 , 0 0 0  K i s  assumed f o r  
a l l  t h e  d a t a ,  w h i l e  T i s  c h o s e n  t o  f i t  e a c h  d a t a  s e t  s e p a r a t e l y .  
(The v a l u e  f o r  E / R  wag chosen  t o  a g r e e  w i t h  measured a d s o r p t i o n  e n e r -  
g i e s  o f  %30 Kcal /mole . )  The f a c t  t h a t  a l l  t h e  d a t a ,  r e g a r d l e s s  of 
t h e  composi t ion  of t h e  compound p r i o r  t o  r e d u c t i o n ,  a r e  w e l l  r e p r e -  
s e n t e d  by t h e  same v a l u e  o f  E i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e s  i n  a l l  
t h e  reduced  m i n e r a l s  a r e  e n e r g e t i c a l l y  s i m i l a r .  However, t h e  wide ly  
d i f f e r e n t  v a l u e s  o f  T s u g g e s t  t h a t  t h e  d e n s i t y  o f  a c t i v e  s i t e s  ( o r  
t h e i r  a c c e s s i b i l i t y )  Q a r i e s  c o n s i d e r a b l y  from sample t o  sample.  

A p a r t  from t e m p e r a t u r e ,  t h e  o n l y  e x p e r i m e n t a l l y  a d j u s t a b l e  parameter  
i n  t h e  model i s  t h e  c o n t a c t  t i m e  T .  To check t h e  p r e d i c t i v e  c a p a -  
b i l i t y  of t h e  model ,  w e  i n c r e a s e d  t h e  c o n t a c t  time by a f a c t o r  o f  2 5  
f o r  H /D2 on reduced  FeS . 
t h e  flow r a t e  a f a c t o r  o? 5 t o  5 ml/min and i n c r e a s i n g  t h e  amount of 
sample by a f a c t o r  o f  5 .  Such an i n c r e a s e  i n  T i s  e x p e c t e d  t o  d e c r e a s e  
T ( s e e  Eq. ( 3 ) )  from 1073 K t o  8 7 3  K .  A s  shown by t h e  dashed l i n e  i n  
FPg. 2 ,  t h e  d a t a  and t h e  model p r e d i c t i o n  a g r e e  r e a s o n a b l y  w e l l .  

T h i s  i n c r e a s e  was accompl ished  by s lowing 

SURFACE AREA STUDIES 

Experiment  and R e s u l t s  

The a n a l y s i s  o f  t h e  P i t t s b u r g h  seam c o a l  used  i n  t h e s e  s t u d i e s  i s  
l i s t e d  i n  Table  1. T h i s  c o a l  was chosen because  o f  i t s  l o w  i n h e r e n t  
m i n e r a l  m a t t e r  c o n t e n t  and h i g h  f r e e  s w e l l i n g  i n d e x .  (Addi t ion  o f  
m i n e r a l s  i s  l ess  c o m p l i c a t e d  by  i n h e r e n t  m i n e r a l s ,  and changes  i n  
a g g l o m e r a t i n g  p r o p e r t i e s  a r e  e a s i l y  o b s e r v e d . )  The a v e r a g e  p a r t i c l e  
s i z e  of  t h e  c o a l  sample  used  was 1 5 ~  w i t h  t h e  e n t i r e  sample p a s s i n g  
through a 7 5 ~  s c r e e n .  \ f i x t u r e s  o f  c o a l  p l u s  m i n e r a l s  were p r e p a r e d  
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Table  1. A n a l y s i s  o f  t h e  P i t t s b u r g h  Seam Coal from t h e  Bruceton 

Proximate A n a l y s i s  Wt. % S u l f u r  Forms Wt. % 
M o i s t u r e :  1 . 4 7  P y r i t i c  : 0 . 3 1  
Ash : 3 . 8 0  S u l f a t e :  0 .06 
1'01 a t  i l e  : 34.66 O r g a n i c  ( d i f f ) :  0.65 
F ixed  Carbon: 60.07 

U l t i m a t e  A n a l y s i s  l l i t .  % - Rank hvAb 

>line 

Mois ture  : 1 . 4 7  
\ Carbon: 7 9 . 4 3  

Hydrogen: 5 .13  
N i t r o g e n :  1 . 6 7  
C h l o r i n e :  0 . 0 1  
S u l f u r  : 1.02 
Ash: 3.80 
Oxygen ( d i f f )  : 7 . 4 7  

F r e e  S w e l l i n g  
Index 7 

P e t r o g r a p h i c  A n a l y s i s  Vol .  % 
V i t r i n i t e :  7 2 . 1  
E x i n i t e  : ? . 2  
I n e r t  i n i t e  : 20.7 

by p h y s i c a l  mixing u n l e s s  o t h e r w i s e  i n d i c a t e d .  A n a l y s i s  f o r  s u l f u r  
c o n t e n t  ( f o r  FeS ) o r  x - r a y  f l u o r e s c e n c e  measurement o f  i r o n  concen-  
t r a t i o n  (for o t h g r  i r o n  compounds) i n d i c a t e s  t h a t  f o r  t h e  sample s i z e  
u s e d  i n  t h e  p r e s e n t  e x p e r i m e n t s ,  un i form m i x t u r e s  had been a c h i e v e d .  

Char samples  f o r  t h e  s u r f a c e  a r e a  and t o t a l  p o r e  volume measure-  
ments were p r e p a r e d  by h e a t i n g  c o a l  samples  i n  a Dupont 9 5 1  t h e r m a l  
g r a v i m e t r i c  a n a l y s i s  a p p a r a t u s  t o  1000°C and t h e n  c o o l i n g  t o  ambient  
t e m p e r a t u r e .  For  a l l  samples  i n  which an i r o n  compound was added t o  
t h e  c o a l ,  t h e  normal a g g l o m e r a t i n g  p r o p e r t y  o f  t h e  Bruce ton  c o a l  was 
c o m p l e t e l y  d e s t r o y e d .  The c h a r  sample ,  p r e p a r e d  from t h e  raw Bruce ton  
c o a l ,  was r e p u l v e r i z e d  b e f o r e  u s e .  ( R e p u l v e r i z a t i o n  of  t h e  raw c o a l  
c h a r  reduced it  t o  a p a r t i c l e  s i z e  s i m i l a r  t o  t h e  o t h e r  c h a r s ,  b u t  
made a n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  s u r f a c e  a r e a . )  The n i t r o g e n  
BET (7)  s u r f a c e  a r e a  and t o t a l  p o r e  volume f o r  each c h a r  was 
measured on a M i c r o m e r i t i c s  D i g i s o r b  p o r e - v o l u m e / s u r f a c e  a r e a  a n a l y z e r .  

The r e s u l t s  from s u r f a c e  a r e a  s t u d i e s  on t h e  raw c o a l  c h a r  and c h a r s  
from t h r e e  samples  o f  c o a l  p l u s  c a t a l y s t  a r e  l i s t e d  i n  Table  2 .  We 
found t h a t  a d d i t i o n  o f  t h e  i r o n  c o n t a i n i n g  m i n e r a l s  g r e a t l y  i n c r e a s e d  
t h e  s u r f a c e  a r e a  and p o r e  volume o f  t h e  r e s u l t i n g  c h a r .  Table  2 a l s o  
r e v e a l s  l a r g e  d i f f e r e n c e s  i n  t h e  s i z e  o f  t h e  i n c r e a s e  i n  s u r f a c e  a r e a ,  
depending on t h e  p a r t i c u l a r  i r o n  compound added.  The r e l a t i v e  o r d e r -  
i n g  o f  t h e s e  p h y s i c a l  e f f e c t s  on t h e  c o a l  c h a r  i s  t h a t  FeS04 9 Fe20g > 
Fe. 

DISCUSSION 

I n  o u r  e a r l i e r  work on m i n e r a l  m a t t e r  e f f e c t s  on h y d r o g a s i f i c a t i o n  o f  
c o a l ,  we  measured g a s i f i c a t i o n  r a t e s  f o r  samples  of  Bruceton Mine c o a l  
w i t h  v a r i o u s  i r o n  c o n t a i n i n g  m i n e r a l s .  These r e s u l t s  a r e  l i s t e d  i n  
Table  3 .  We o b s e r v e d  t h a t ,  a l t h o u g h  a l l  t h e  m i n e r a l s  used  were 
q u i c k l y  reduced t o  e l e m e n t a l  i r o n ,  t h e  g a s i f i c a t i o n  r a t e  was dependent  
on t h e  p a r t i c u l a r  m i n e r a l  added.  We s p e c u l a t e d  t h a t  t h i s  dependence 
on p r e c u r s o r  s p e c i e s  was r e l a t e d  t o  a c t i v e  s i t e  d e n s i t y  i n  t h e  reduced  
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Table  2 .  N i t r o g e n  BET S u r f a c e  Areas  and T o t a l  P o r e  Volumes 

T o t a l  
Surface Area Pore  Volume 

Char Source (m2/g) ' ( c c / g )  
Bruceton Coal  3 .3  0 . 0 0 1 3  
Bruce ton  + 3.5% F e  10 .2  0 . 0 0 6 1  
Bruce ton  + 5 %  Fe203 ' 4 8  
Bruce ton  + 9 . 5 %  FeS04 90  

0.0101 
0 .0307  

form of each  m i n e r a l ,  s i n c e  a l l  were o f  s i m i l a r  p a r t i c l e  s i z e  and 
samples  were p r e p a r e d  t o  c o n t a i n  t h e  same q u a n t i t y  o f  reduced  i r o n .  

The H / D  exchange e x p e r i m e n t  was d e s i g n e d  t o  t e s t  t h e  h y p o t h e s i s  t h a t  
t h e  r z l a g i v e  o r d e r i n g  o f  h y d r o g a s i f i c a t i o n  r a t e s  was c o r r e l a t e d  t o  t h e  
a c t i v e  s i t e  d e n s i t y .  We s e e  from t h e  r e s u l t s  g i v e n  above t h a t  d i f f e r e n t  
i r o n  c o n t a i n i n g  m i n e r a l s ,  when r e d u c e d ,  y i e l d  v a r y i n g  a c t i v e  s i t e  
d e n s i t i e s  f o r  hydrogen exchange .  However, t h e  r e l a t i v e  o r d e r i n g  f o r  
hydrogen exchange i s  n o t  t h e  same a s  t h e  o b s e r v e d  r e l a t i v e  o r d e r i n g  
f o r  h y d r o g a s i f i c a t i o n  r a t e s .  Thus ,  a c t i v e  s i t e  d e n s i t y  a l o n e  cannot  
e x p l a i n  t h e  r e l a t i v e  o r d e r i n g  o f  h y d r o g a s i f i c a t i o n  r a t e s .  

R e s u l t s  g i v e n  above f o r  s u r f a c e  a r e a s  on t h r e e  samples  a l s o  show t h a t  
t h e  i r o n  compounds a f f e c t  t h e  c h a r s  d i f f c r e n t l y .  I f  we assume t h a t  
an i n c r e a s e  i n  s u r f a c e  a r e a  and a more open p o r e  s t r u c t u r e  enhance 
t h e  g a s i f i c a t i o n  r a t e  of  a c h a r ,  t h e n  we would e x p e c t  a change i n  
g a s i f i c a t i o n  r a t e s  from t h i s  p h y s i c a l  e f f e c t .  However, t h e  r e l a t i v e  
o r d e r i n g  o f  s u r f a c e  a r e a s  i s  n o t  t h e  same a s  t h e  o b s e r v e d  r e l a t i v e  
o r d e r i n g  f o r  h y d r o g a s i f i c a t i o n  r a t e s .  Hence, p h y s i c a l  changes  a l o n e  
i n  t h e  c h a r  c a n n o t  e x p l a i n  t h e  measured h y d r o g a s i f i c a t i o n  r a t e s .  

For  t h e  t h r e e  samples  t h a t  we have  i n v e s t i g a t e d  t h u s  f a r ,  i t  a p p e a r s  
t h a t  a combina t ion  o f  hydrogen t r a n s f e r  a c t i v i t y  and p h y s i c a l  e f f e c t  

T a b l e  3 .  G a s i f i c a t i o n  R a t e s  o f  Bruce ton  Mine Coal  a t  1000°C i n  H 2  
w i t h  V a r i o u s  I r o n  Compounds 

Sample 
Raw Coal 
Coal + 3 . 5 %  Fe ( 3 ~ )  5.2 
Coal + 7 %  FeS2 (511) 

Coal  + 9 . 5 %  FeS04 
Coal  + 4 . 5 %  FeO (511) 6 . 3  

1 . 0  x 1 0 - 2  
Coal + 5 %  Fe304 (511) 2 . 5  x 
Coal + 5 %  Fe203 ( 5 p )  4 . 0  x 

2 . 2  x 
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on t h e  c h a r  could  e x p l a i n  t h e  o b s e r v e d  h y d r o g a s i f i c a t i o n  r a t e s .  The 
w e i g h t i n g  f a c t o r s  f o r  e a c h  of t h e  two e f f e c t s  have n o t  been d e t e r -  
mined. We w i l l  a t t e m p t  t o  d e t e r m i n e  t h e s e  f a c t o r s  a f t e r  BET s u r f a c e  
a r e a  and pore  volume d a t a  are o b t a i n e d  on the r e m a i n i n g  samples .  

1 

CONCLUSION 

We have measured t h e  hydrogen t r a n s f e r  a c t i v i t y  o f  t h e  reduced  i r o n  
s t a t e  f o r  s i x  i r o n  c o n t a i n i n g  m i n e r a l s .  We o b s e r v e d  t h a t  each m i n e r a l  
r e s u l t e d  i n  a d i f f e r e n t  a c t i v e  s i t e  d e n s i t y .  We a l s o  measured t h e  
n i t r o g e n  BET s u r f a c e  a r e a  and t o t a l  p o r e  volume on c o a l  c h a r  
samples  w i t h  added i r o n  c o n t a i n i n g  m i n e r a l s .  Again ,  w e  o b s e r v e d  t h a t  
each  m i n e r a l  a f f e c t e d  t h e  p h y s i c a l  s t r u c t u r e  of  t h e  c h a r  d i f f e r e n t l y .  
We have concluded  t h a t  t h e  c a t a l y t i c  a c t i v i t y  o f  i r o n  c o n t a i n i n g  
m i n e r a l s  f o r  t h e  h y d r o g a s i f i c a t i o n  o f  c o a l  i s  r e l a t e d  b o t h  t o  t h e  
hydrogen t r a n s f e r  a c t i v e  s i t e  d e n s i t y  i n  t h e  reduced  i r o n  s t a t e  o f  
e a c h  m i n e r a l  and t o  t h e  p h y s i c a l  e f f e c t  each  m i n e r a l  h a s  on i n c r e a s i n g  
t h e  s u r f a c e  a r e a  and p o r e  volume o f  t h e  d e v o l a t i l i z e d  c o a l  c h a r .  
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TEMPERATURE l°Cl 

F i g u r e  1. The HD-yield r a t i o ,  d e f i n e d  a s  t h e  amount o f  HD i n  t h e  gas  
sample a f t e r  p a s s a g e  t h r o u g h  t h e  c a t a l y s t  d i v i d e d  by t h e  
amount t o  be e x p e c t e d  a t  thermodynamic e q u i l i b r i u m ,  a s  a 
f u n c t i o n  o f  t e m p e r a t u r e .  The s o l i d  l i n e s  a r e  c a l c u l a t e d  
from E q .  (3 )  w i t h  E / R  = 15,000 K and t h e  i n d i c a t e d  v a l u e  of  
T . The d a t a  a r e  r e p r e s e n t e d  by symbols :  Fe203 by c i r c l e s ,  
F? by t r i a n g l e s ,  and  FeO by s q u a r e s .  

1.0 

0. a 

0 

o im m m 400 m ~JJI 7m ram pa) 

TEMPERATURE 1 % )  

F i g u r e  2 .  Same a s  F i g u r e  1, e x c e p t  t h a t  d a t a  f o r  Fe304 ( c i r c l e s ) ,  
FeS04 ( , s q u a r e s ) ,  and FeSZ ( t r i a n g l e s  and i n v e r t e d  t r i a n g l e s )  
a r e  r e p r e s e n t e d .  The s i g n i f i c a n c e  o f  t h e  dashed  l i n e  i s  
e x p l a i n e d  i n  t h e  t e x t .  
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E f f e c t  o f  G r i n d i n g  on P o r o s i t y  and Sur face Area o f  Coal (a)  

3. M. L y t l e ,  J. L. Dan ie l ,  and G. L. T ingey 

P a c i f i c  Northwest Labora to ry ,  Rich land,  WA 99352 

I n t r o d u c t i o n  

A g r e a t  deal  o f  i n f o r m a t i o n  may be ga ined  about t h e  p o r o s i t y  o f  c o a l  b y  
s t u d y i n g  t h e  gas r e l e a s e  behav io r  d u r i n g  g r i n d i n g .  
s t o r e d  i n  t h e  c losed  p o r o s i t y  o f  t h e  coa l .  
c losed  p o r o s i t y  o f  c o a l  by c o n s i d e r i n g  t h e  gas r e l e a s e  r a t e s ,  t o t a l  gas volume, 
d e n s i t y ,  and su r face  area o f  c o a l  d u r i n g  b a l l  m i l l i n g .  

We suggest t h a t  most o f  t h e  gases r e l e a s e d  d u r i n g  b a l l  m i l l i n g  were e i t h e r  
t rapped  o r  produced i n  t h e  c l o s e d  pores d u r i n g  c o a l i f i c a t i o n .  
p o s i t i o n  of t h e  gas p r o v i d e s  i n f o r m a t i o n  about t h e  c o a l i f i c a t i o n  processes. I n  
t h i s  paper we d iscuss t h e  s i g n i f i c a n c e  o f  ou r  compos i t i on  measurements w i th  r e s p e c t  
t o  t h e  c o a l i f i c a t i o n  process.  

Exper imenta l  

l i g n i t e  f rom t h e  F o r t  Union Bed near Savage, Montana (PSOC-837);Ibf and t h e  o t h e r  
was a medium v o l a t i l  
V i r g i n i a  (PSOC-985). fb! 

dard screen, 840 um opening s i z e )  i n  a whee l - t ype -pu lve r i ze r .  
was done i n  a n i t r o g e n  f i l l e d  g love  box. The c o a l  (350 g )  was t r a n s f e r r e d  i n  t h e  
N2 atmosphere t o  a 1.8 L s t e e l  b a l l  m i l l ,  and then  t h e  m i l l  was evacuated and back- 
f i l l e d  w i t h  hel ium. D u r i n g  t h e  b a l l  m i l l i n g ,  c o a l  and gas samples were withdrawn. 
Gas was e x t r a c t e d  th rough  a rubber  septum mounted i n  t h e  end o f  t h e  m i l l  and coa l  
powders were e x t r a c t e d  f r o m  t h e  m i l l  d u r i n g  o p e r a t i o n  w i t h  a scoop i n s e r t e d  a long  
t h e  a x i s  o f  r o t a t i o n  th rough  a h o l e  plumbed w i t h  a r o t a r y  un ion  and b a l l  v a l v e s  t o  
m a i n t a i n  t h e  atmosphere and pressure.  

column gas chromatograph w i t h  he l i um i o n i z a t i o n  d e t e c t o r s .  

We b e l i e v e  t h a t  t h i s  gas was 
Th is  s tudy  focuses on d e s c r i b i n g  t h e  

Therefore,  t h e  com- 
I 

Two coa ls  o f  w i d e l y  d i f f e r i n g  rank  were s e l e c t e d  f o r  t h i s  s u y: one was a 

i t um inous  coa l  (MVB) f r o m  t h e  Beck ley  seam near Duo, West 

P r i o r  t o  b a l l  m i l l i n g ,  t h e  c o a l s  were pre-ground t o  minus 20 mesh (U.S. Stan- 
The p r e - g r i n d i n g  

Gases (H2, CO, C02, N2 and C 1  t o  C4 hydrocarbons) were analyzed u s i n g  a dual  

Resu l t s  and D iscuss ion  

As shown p r e v i o u s l y  f o r  l i g n i t e , ( l )  f r a c t u r e  d u r i n g  b a l l  m i l l i n g  proceeds 
f i r s t  through t h e  weakest m a t e r i a l s  c h a r a c t e r i z e d  by l a r g e  (up t o  5 urn) pores, r e -  
s u l t i n g  i n  l a r g e  comn inu t ion  r a t e s  i n i t i a l l y .  
m a t e r i a l s  c h a r a c t e r i z e d  by sma l le r  pores a r e  f r a c t u r e d ,  r e s u l t i n g  i n  lower  comminu- 
t i o n  r a t e s .  The change i n  p o r o s i t y  w i t h  t i m e  i s  shown q u a l i t a t i v e l y  i n  t h e  m ic ro -  
graphs o f  l i g n i t e  p a r t i c l e s  i n  F i g u r e  1. 
creases w i t h  i nc reased  b a l l  m i l l i n g  t ime.  

When t h e  c losed  pores a re  opened, t h e  d e n s i t y  and sur face area o f  t h e  c o a l s  in -  
crease, as shown by Tab le  1. 

As comninut ion cont inues,  s t r o n g e r  

N o t i c e  t h a t  t h e  v i s i b l e  p o r o s i t y  de- 

Many o f  t h e  pores a f f e c t e d  by t h e  cornminution process were i n i t i a l l y  c losed.  

( a )  

(b )  

Research sponsored by t h e  Department o f  Energy, B a s i c  Energy Science, 
D i v i s i o n  o f  M a t e r i a l  Science under C o n t r a c t  OC-AC06-76RLO-1830. 
Pennsylvania S ta te  U n i v e r s i t y ' s  c o a l  sample bank number. 



TABLE 1. D e n s i t y  and s u r f a c e  area o f  c o a l s  a t  i n d i c a t e d  b a l l  m i l l i n g  times. 

Coal Time, m in  g/cc m2/g 
B a l l  M i l l i n g  Dens i t y , (a )  Su r face  Area,(b) 

Medium v o l a t i l e  
b i t um inous  

L i g n i t e  

0 
15 
90 

180 
300 
420 

0 
90 

180 
420 

1.365 

1.404 

1.476 

1.490 

0.68 
1.92 
5.28 
7.73 
8.56 
9.05 

0.97 
1.20 
1.60 
2.49 

(a )  based on h e l i u m  d isp lacement  i n  a n u l l  pycnometer 
(b)  based on N2 a d s o r p t i o n  a t  77 K 

Making a smal l  c o r r e c t i o n  (0.30 m2/g) f o r  t h e  i nc rease  i n  geomet r i ca l  su r face  
area, and assuming t h a t  c y l i n d r i c a l  pores were be ing  opened d u r i n g  b a l l  m i l l i n g ,  
t h e  pore d iameter ,  d = 4 A V / A S  (AV = i nc rease  i n  pore volume, AS = inc rease  i n  
s u r f a c e  area) .  The po re  d iamete rs  were c a l c u l a t e d  t o  be  10 and 21 nm f o r  MVB and 
l i g n i t e ,  r e s p e c t i v e l y ,  i n d i c a t i n g  t h e  d i v e r s e  po re  s t r u c t u r e  o f  these two coals .  

s i t i o n  and q u a n t i t y  o f  gas r e l e a s e d  a f t e r  420 m inu tes  o f  b a l l  m i l l i n g  i s  shown i n  
Tab le  2. Using t h e  t o t a l  gas r e l e a s e d  and t h e  open po re  volume inc rease  a f t e r  
420 minutes of b a l l  m i l l i n g ,  c o n c e n t r a t i o n s  i n  terms o f  gas volume t o  pore volume 
r a t i o s  were 2.4 and 57.2 f o r  MVB and l i g n i t e ,  r e s p e c t i v e l y .  The gas was s to red  
i n s i d e  the  po res  i n  t h e  adsorbed o r  gaseous s t a t e ,  and it i s  apparent  t h a t  t h e  
c o a l i f i c a t i o n  c o n d i t i o n s  under which t h e  gas became i n c o r p o r a t e d  i n t o  t h e  pores 
was g r e a t l y  d i f f e r e n t  f o r  t h e  two coa ls .  

As t hese  po res  were opened d u r i n g  b a l l  m i l l i n g ,  gas was re leased.  The compo- 

TABLE 2. Gases re leased  f rom medium v o l a t i l e  b i t um inous  c o a l  and l i g n i t e  
a f t e r  420 m inu tes  o f  b a l l  m i l l i n g .  

Gas, m l  (STP)/g Coal 
Coal N7 C07 CO 2 4 -  H7 T o t a l  

M VB 4.66~10-2 2.46~10-3 9 .12~10-5  3.16~10-5 1 .28~10-4  4.93~10-2 

L i g n i t e  0.326 3.81~10-2 1 .68~10-3  ( a )  ( a )  0.366 

(a )  t o o  small  t o  measure 

The r e l e a s e  r a t e  o f  gas f r o m  b o t h  c o a l s  i nc reased  markedly  when b a l l  m i l l i n g  
began, as shown by Tab le  3. 
m i l l i n g ,  and t h e  average r a t e s  a re  g i v e n  f o r  s p e c i f i c  m i l l i n g  t imes.  
o f  how the  r e l e a s e  r a t e  changes w i t h  t i m e  i s  shown f o r  COP i n  F i g u r e  2. 
o t h e r  gases a re  re leased  i n  a s i m i l a r  way. 

The r e l e a s e  r a t e  a l s o  changes w i t h  t i m e  d u r i n g  b a l l  
An example 

The 
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bituminous coal. 

Medium Volatile 
Bit umi nou s Time Period 

(ml/g-min) 
Before milling (16 hr) 4.4~10-7 

During milling 
0 to  4 min 2. 2x10-3 

60 to  180 min 1.4~10-5 

Stopped milling (16 hr) 1.2~10-5 

Restarted milling 

1 
t I 

180 t o  300 min undetermined 
300 t o  420 min 1.3~10-5 

I 
I 

Time Period 

Before milling (16 hr) 

During milling 
0 t o  30 min 

60 t o  120 min 
120 t o  240 min 

Stopped milling (88 h r )  

Restarted milling 
240 to 300 min 

Liqnite 

(ml/g-min) 
2.9~10-6 

undetermined 

Stopped milling (160 hr) 9.5~10-6 

Restarted milling 
300 to  420 min 2.7~10-4 

In general, the ra te  of gas release i s  expected t o  decrease with time because 
comninution rate  generally decreases with a decrease in par t ic le  s ize ,  and par t ic le  
size decreases with time during milling. A marked decrease in release rate i s  
expected as more and more coal par t ic les  decrease below a c r i t i c a l  diameter, t h a t  
i s  a diameter small enough that  a l l  closed porosity has become opened. A second 
major perturbation t o  the generally expected release rate  occurs due t o  a change 
in the preferential mode of comminution. This phenomenon can resul t  in e i ther  an 
increase or decrease in the rate  of opening of closed porosity along with the 
resultant increase or decrease in gas release rate. 

already been reached a t  60 minutes of ball milling because a f te r  that ,  the release 
rates  were almost unaffected when ball milling was stopped and then restarted 
again (Figure 2,  Table 3) .  
decreased t o  the c r i t i c a l  diameter even af te r  300 minutes of ball milling. 
conclusion i s  reached because when ball milling was stopped, the release rate  
decreased significantly, and when ball milling was restar ted,  the release ra te  
increased again (Table 3) .  
than l igni te  based on release rates and ball milling times. We also suggest that  
the par t ic le  diameters of much of the l igni te  were s t i l l  larger than the c r i t i c a l  
diameter even af te r  420 minutes of ball milling based on the gas release ra te  a t  
300 t o  420 minutes (Table 2 ) .  
97.5% of the l igni te  par t ic les  were minus 400 mesh (38 u m )  and, therefore, suggest 
that  the c r i t i c a l  diameter was less than 38 u m .  This difference in c r i t i c a l  
diameter of par t ic les  and the pore diameters calculated ear l ie r  suggests that  lig- 
n i te  had shorter and larger diameter closed pores and M V B  had longer and smaller 
diameter closed pores. 

I t  appears t h a t  a change in the preferential mode of comninution caused the 
gas release ra te  from l igni te  t o  increase by a factor of nearly s ix  a f te r  60 min- 
utes of ball milling (Figure 2, Table 3). As discussed before for  l igni te ,  com- 
minution in the early stages of ball milling proceeds preferent ia l ly  t h r o u g h  mate- 
r i a l  characterized by open pores up t o  5 u m  which d i d  not release gas. B u t  a f ter  

I t  i s  apparent that the c r i t i c a l  diameter of most of the MVB par t ic les  had 

On the other hand, the par t ic les  of l igni te  had not 
This 

We suggest that  the c r i t i c a l  diameter of M V B  i s  larger 

We know t h a t  a f te r  420 minutes of ball milling, 
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60 minutes o f  b a l l  m i l l i n g ,  comn inu t ion  proceeds p r e f e r e n t i a l l y  through m a t e r i a l  
c h a r a c t e r i z e d  b y  c l o s e d  po res  wi th  c a l c u l a t e d  d iameters o f  about 21 nm which when 
opened r e l e a s e d  gas, t h u s  i n c r e a s i n g  t h e  gas r e l e a s e  r a t e .  The decrease i n  r a t e  
a t  120 minutes and subsequent i n c r e a s e  aga in  a t  300 minutes c o u l d  be caused by a 
combinat ion o f  changes i n  comminution r a t e ,  r e d u c t i o n  o f  t h e  s i z e  o f  p a r t i c l e s  
below c r i t i c a l  d iameter ,  and p r e f e r e n t i a l  modes o f  comminution. W i th  MVB, comminu- 
t i o n  proceeded th rough  m a t e r i a l s  c h a r a c t e r i z e d  b y  c losed  pores wi th  c a l c u l a t e d  
d iameters o f  about 10 nm w i t h  no change i n  p r e f e r e n t i a l  mode o f  comminution 
recognized.  

c o a l s  suggests some i n t e r e s t i n g  conc lus ions  about t h e  c o a l i f i c a t i o n  process. 
These c o a l s  had been s t o r e d  i n  a i r  f o r  f o u r  yea rs  p r i o r  t o  t e s t i n g  f o r  gas re lease  
d u r i n g  b a l l  m i l l i n g .  
g r e a t l y  d i f f e r e n t  t han  c o n c e n t r a t i o n s  measured i n  f r e s h l y  mined c o a l ( 2 - 4 f  but ,  
u n l i  e f e s h l y  mined coa l ,  which c o n s i s t e n t l y  c o n t a i n s  80 t o  n e a r l y  100% by volume 
CH4,!2-4r t h e r e  was h a r d l y  any CH4 . The CH4 i s  g e n e r a l l y  b e l i e v e d  t o  be produced 
b y  an e o b i c  d i g e s t i o n  o f  p l a n t  remains d u r i n g  t h e  i n i t i a l  stages o f  c o a l i f i c a -  
tion.P3! I f  t h i s  i s  t r u e ,  t h e  CH4 was excluded, by some mechanism, f rom t h e  
c l o s e d  p o r o s i t y  o f  t h e  coa l .  
l o c a l i z e d  areas, i n s t e a d  o f  t h roughou t  t h e  whole seam, and CH4 was d i f f u s e d  t o  t h e  
open p o r o s i t y ,  b u t  n o t  g e n e r a l l y  t o  t h e  c l o s e d  p o r o s i t y  o f  coal .  Then, a f t e r  coa l  
i s  mined and s t o r e d  i n  a gas n o t  c o n t a i n i n g  CH4, t h e  CH4 i s  s l o w l y  d i f f u s e d  ou t  o f  
t h e  open pores and t h e  gas which i s  s t o r e d  i n  t h e  c losed  pores remains. 

Conc 1 u s i  ons 

The composi t ion o f  t h e  gases r e l e a s e d  f rom t h e  c losed  pores o f  these t e s t  

Concen t ra t i ons  o f  N2, C02, CO and H2 (Table 2) wer n o t  

Perhaps t h e  anaerobic  d i g e s t i o n  occurred o n l y  i n  

From gas re lease ,  d e n s i t y ,  and s u r f a c e  area measurements we have concluded 
t h e  f o l l o w i n g :  

1. The c losed  pores o f  t h e  medium v o l a t i l e  b i t um inous  (MVB) coa l  a re  about  10 nm 
i n  d iameter  and t h e  c losed  p o r e s  o f  t h e  l i g n i t e  are about 21  nm i n  d iameter  
assuming cy1  i n d r i  c a l  channels. 

The c o n c e n t r a t i o n s  o f  adsorbed and gas phase gases i n s i d e  t h e  c losed  pores 
a re  2.5 and 57.2 [gas volume (STP) t o  po re  volume r a t i o s ]  f o r  t h e  MVB and t h e  
l i g n i t e ,  r e s p e c t i v e l y ,  i n d i c a t i n g  g r e a t l y  d i f f e r e n t  c o a l i f i c a t i o n  c o n d i t i o n s  
du r ing  po re  f o r m a t i o n .  

The c losed  po re  volume i n  b o t h  c o a l s  decreases w i t h  a decrease i n  p a r t i c l e  
s i z e  d u r i n g  b a l l  m i l l i n g ,  b u t  t h e  p a r t i c l e  s i z e  a t  which t h e  c losed  po re  v o l -  
ume becomes i n s i g n i f i c a n t  i s  l a r g e r  f o r  MVB t h a n  f o r  l i g n i t e ,  t h a t  p a r t i c l e  
s i z e  f o r  l i g n i t e  b e i n g  l e s s  t h a n  38 urn. 

The c losed  pores o f  these c o a l s  c o n t a i n  v e r y  l i t t l e  CH4, which p robab ly  
i n d i c a t e s  t h a t  t h e  CH4 produced d u r i n g  t h e  e a r l y  s tages o f  c o a l i f i c a t i o n  
was produced i n  l o c a l i z e d  areas r a t h e r  than  th roughou t  t h e  seam. 

2. 

3. 

4. 
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BALL MILL GRINDING PRODUCT: 20-30 pm 

15 MINUTES 

60 MINUTES 

420 MINUTES 

U 
50 pm 

FIGURE 1 MICROSTRUCTURE OF LIGNITE GRINDING 
PRODUCTS AT VARIOUS TIMES SHOWING 
DECREASED VISIBLE POROSITY WITH 
INCREASED TIME 
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A COMPARATIVE STUDY OF OIL-SLURRY PROCESS TO FIXED-BED PROCESS 
I N  THE FISCHER-TROPSCH SYNTHESIS 

T.  Sakai and T.  Kunugi I 
Department of Chemical Reaction Engineering, Nagoya City 
University,  3-1 Tanabedori, Mizuhoku, Nagoya, 467, JAPAN 

5 INTRODUCTION A var i e ty  of products a r e  formed i n  t h e  Fischer-Tropsch (F-T) 
synthes is ,  i n  which the  most important na ture  r e l a t ed  t o  the  product s e l e c t i v i t y  
w i l l  be the  C-number d i s t r ibu t ion .  
i n t r i n s i c a l l y  regulated by the  two competing sur face  reac t ions .  
hydrogenative desorption of sur face  intermediates and t h e  o ther  i s  t h e  C-C chain 
growth probably through the  CO in se r t ions  to t h e  intermediates (1). The former 
reac t ion  whose ac t iva t ion  energy is  expected t o  be higher than the  l a t t e r  w i l l  be 

surface.  

The C-number d i s t r i b u t i o n  of products is ). 
I One is the  

1 

I considerably accelerated when any super-heated spot i s  crea ted  on the  c a t a l y s t  

The o i l - s lur ry  process which was or ig ina ted  by H. Kijlbel (2) i s  known t o  
have severa l  d i s t inguish ing  process f ea tu res ;  e.g. ,  t he  process can be operated 
with the  synthes is  gas of high CO/H2 r a t i o s ,  t h e  c a t a l y s t  shows high a c t i v i t y  
based on the  un i t  weight, products are r i c h  i n  1-olefins and t h e i r  C-number d i s -  
t r i bu t ion  can be cont ro l led  f l ex ib ly ,  e t c .  

Differences between the  o i l - s lu r ry  process and the fixed-bed process on 
ca t a lys t  a c t i v i t y  and C 1 - C 4  product s e l e c t i v i t y  a r e  described i n  t h i s  paper, by 
use of the same prec ip i ta ted  i ron  c a t a l y s t  and at 200- 25OoC. The other operating 
conditions were not standardized between the  two processes. Cha rac t e r i s t i c  
operating conditions f o r  t he  o i l - s lur ry  process,  e.g. ,  mi l l i ng  of t he  c a t a l y s t  i n  
o i l ,  the method of ca t a lys t  reduction, CO/H2 r a t i o  of t h e  i n l e t  gas, e t c . ,  were 
kept as recommended by t h e  process founder. Unique pretreatment procedures were 
adopted f o r  the  reduction of c a t a l y s t  I n  the  fixed-bed process as described i n  
the  following sec t ion .  This method enabled us t o  prepare c a t a l y s t s  possessing 
the designated i ron  carbide contents i n  the  fixed-bed process. A high c a t a l y s t  
a c t i v i t y  and a depressed CH4 formation obtained i n  the  o i l - s lu r ry  process were i n  
l i n e  with those a t t a ined  i n  the  fixed-bed process when it  w a s  operated with t h e  
c a t a l y s t  having low i ron  carb ide  contents.  Thus, i t  has become c l ea r  t h a t  t h e  
cha rac t e r i s t i c  f ea tu re s  of o i l - s lu r ry  process arise from the  depressed i ron  
carbide formation during the  synthes is  probably due t o  the  l o w  fugacity of CO on 
the  ca t a lys t  surface.  

5 EXPERIMENTAL 
lOOFe: 0.3Cu: 0.6K2C03 by weight, was employed f o r  a l l  experiments. In  the  fixed- 
bed process, 10 g of the  dr ied ,  unreduced c a t a l y s t  g ra in  of 2 -  3 m diameters was 
packed a t  the  center of a s t a i n l e s s  steel block r eac to r  of 10 mm I . D .  and 300 mm 
he ight .  The d r i ed ,  unreduced ca t a lys t  was pre t rea ted  successively dnder atmos- 
pheric pressure with 1 )  air  a t  320'C f o r  6 hours, 2) CO a t  27OoC f o r  24 hours, 
and 3) H 2  a t  270°C f o r  24 hours o r  longer. Af te r  these  pretreatments,  t h e  
ca t a lys t  w a s  subjected t o  t h e  F-T synthes is  a t  200- 25OoC, under atmospheric 
pressure,  by use of the synthes is  gas of CO/H2 molar r a t i o  of 1.0. The c a t a l y s t  
a c t i v i t y  was defined as below; 

A prec ip i t a t ed  i ron  c a t a l y s t ,  the  composition of which w a s  

k = -(SV) In ( 1 - x )  1) 
k : c a t a l y s t  a c t i v i t y  / dm3 gFe-1 h-1 
(SV) : space ve loc i ty  of synthes is  gas / dm3 gFe-1 h-1 
x : conversion of CO. 

In the o i l - s lu r ry  process, t h e  dr ied ,  unreduced c a t a l y s t  w a s  mixed with the  
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Catsch f r ac t ion  of t he  F-T o i l  and milled u n t i l  t h e  p a r t i c l e  s i z e  of ca t a lys t  was 
a s  small as  1 p .  A Fe-content of t h e  o i l - s lu r ry  w a s  ad jus ted  t o  about 10% by 
weight. Dimensions of t he  r eac to r  were 37 mm I . D .  and 1,000 mm he ight .  Sus- 
pended c a t a l y s t  was reduced a t  29OoC, under 2 - 1 0  bar,  by introducing the  s p -  
thes i s  gas as bubbles a t  t h e  bottom of the  reac tor .  CO/H2 molar r a t i o  of the  
synthes is  gas was 1 .3-1 .6 .  could be  noticed by 
the  decrease i n  C02 and the  simultaneous increase  i n  CH4 i n  the  o u t l e t  gas. 
F-T synthes is  takes place i n  succession by merely lowering the  temperature t o  the  
designated l e v e l s  of 200-250°C. Cata lys t  a c t i v i t y  was defined i n  the  same 
manner as t h a t  of the  fixed-bed experiment. 

5 RESULTS AND DISCUSSION In  t h e  fixed-bed process,  a d r i ed ,  unreduced cata- 
l y s t ,  the rough composition of which is  Fe203sH20 neglec t ing  small  amounts of Cu 
and KzCO3, was converted t o  Fez03 i n  the  pretreatment 1 ) .  
t he  rate of C02 formation w a s  measured aga ins t  stream hours of CO as shown i n  
Fig. 1. The amount of C 0 2  formed i n  the  f i r s t  sharp peak of Fig. 1 corresponded 
t o  t h e  rapid reduction of Fez03 t o  Fe'jOq, and t h e  second l a r g e  peak corresponded 
t o  t h e  slow reduction of FejO4 t o  Fe2C and the  simultaneous formation of a small 
amount of f r e e  carbon. 
as shown i n  Fig. 2. 
The amount of CH4 formed wi th in  40 hours corresponded v i r t u a l l y  t o  the  amount of 
Fe2C formed i n  the  CO pretreatment,  thus converting i ron  carb ide  t o  the  meta l l ic  
i ron .  Accordingly, i t  would be poss ib le  t o  prepare the  ca t a lys t  with d i f f e ren t  
i ron  carbide contents by varying t h e  hours of H 2  pretreatment 
Fig. 2. 

F-T synthesis at  230"C, by streaming atmospheric C O + H 2  a t  t he  constant flow r a t e  
of 0.67 / dm3gFe-lh-1. A s  t h e  f i r s t -o rde r  k i n e t i c s  was conf-irmed t o  be va l id  for  
the ove ra l l  r eac t ion  of t he  Synthes is  upto 80% conversion of CO, t h e  ca t a lys t  
a c t i v i t y ,  k, w a s  defined as it appeared i n  Equation 1. In Fig. 3 .  a c t i v i t i e s  of 
t he  ca t a lys t  with var ied  i r o n  carb ide  contents are p lo t ted  aga ins t  stream hours 
of t he  F-T synthes is .  Cata lys t  a c t i v i t i e s  decrease rap id ly  a t  the  i n i t l a l  s t age  
of t he  synthes is .  Clear ly ,  t he  c a t a l y s t  with lesser i r o n  carb ide  contents ex- 
h i b i t s  higher a c t i v i t y .  The f a c t  i nd ica t e s  t h a t  t h e  c a t a l y s t  a c t i v i t y  is caused 
by t h e  existence of the  me ta l l i c  i ron ,  while the carb ide  carbon plays a r o l e  of 
the  poison f o r  the  ca t a lys t .  This idea  coincides with t h e  repor ted  r e s u l t s  (3) 
on the  change of c a t a l y s t  composition during the  F-T synthes is .  The repor t  
denotes t h a t  t h e  i n i t i a l  rap id  decrease i n  c a t a l y s t  a c t i v i t y  accompanies t h e  
rapid conversion of a-Fe t o  Fe2C. 

summarized i n  the  bottom th ree  l i n e s  of Table I,  i n  terms of formation r a t i o s  of 
C1. C3, and C4 hydrocarbons t o  C2 hydrocarbons. An i ron  c a t a l y s t  i n  the meta l l ic  
state suppresses the  formation of CH4 and favors  those of C3 and C4 hydrocarbons. 
The ac t iva t ion  energy f o r  t he  synthes is  w a s  obtained as 79.1 kJ mol-1 within 
230 - 242°C. 

Completions of t he  reduction 
The 

In t h e  pretreatment 2) ,  

In  the  success ive  pretreatment 3) with H2 ,  CH4 was formed 
The formation of CHbsubsided a f t e r  40 hours of H2 stream. 

a s  ind ica ted  i n  

I n  succession t o  these pretreatments,  t h e  c a t a l y s t s  were subjected t o  the  

The C 1 -  64 product s e l e c t i v i t i e s  obtained i n  t h e  above experiments a r e  

Table I C 1 - C 4  Product D i s t r ibu t ions  i n  Fixed-Bed and 
Oil-Slurry Processes a t  23OoC 

CH4 C2H4+C2Htj C3H8 C3H6 n-C4Hio l-ChH8 

Oil-slurry 142 100 14.2 91.0 9.3 67.9 
Fixed-bed 

FelCo. o 320 100 11.1 83.1 5.6 40.0 
FelCO. 2 325 100 8.9 77.0 4.7 34.0 

395 100 5.9 67.0 - 27.5 Fe1Co. 5 
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In the  o i l - s lu r ry  process,  t he  ca t a lys t  a c t i v i t y  d id  not decrease with 
stream hours. The value of k i n  dm3gFe-lh-1 was held a t  the  i n i t i a l  high va lue ,  
as high as the i n i t i a l  k va lue  observed i n  the  fixed-bed process, throughout t he  
whole reaction course of 50 hours. 
a c t i v i t y  fouling tests i n  the  o i l - s lu r ry  process,  which was conducted by a step- 
w i s e  temperature s h i f t i n g  method as w e l l  as by an in se r t ion  of H2 treatment i n  
the course of t he  synthes is .  Catalyst  poisoning by i r o n  carbide formation might 
not be taking p lace  i n  the  o i l - s lu r ry  process.  The ac t iva t ion  energy f o r  t h e  
synthesis was as low a s  23.4-30.6 kJ mol-1, i n  t he  o i l - s lur ry  process wi th in  

In  Fig.  4 a r e  i l l u s t r a t e d  r e s u l t s  of t he  

200 - 25OOC. 

The C 1 - q  product s e l e c t i v i t i e s  obtained i n  the  o i l - s lu r ry  process a r e  
l i s t e d  i n  Table I, t o  be  compared with those obtained i n  the  fixed-bed process. 
The formation of CH4 w a s  considerably l e s s e r ,  and C3 and C4 formations were domi- 
nant.  
of t h e  o i l - s lur ry  process. 

As a conclusion of t he  present study, s eve ra l  c h a r a c t e r i s t i c  f ea tu re s  of t he  
o i l - s lur ry  process i n  the  F-T synthes is  a r e  summarized i n  Table 11, i n  comparison 
with those of t h e  fixed-bed process. 

The r e s u l t s  again preclude t h e  formation of i ron  carbide f o r  the  c a t a l y s t  

Table I1 Differen t  Features of Fixed-bed Process t o  Oil-slurry Process 

Fixed-bed Oil-slurry 

Reaction condition 
P a r t i c l e  s i z e  of c a t a l y s t  
Reaction phase 
Flow pa t te rn  

Heat t ranspor t  
CO/H2 molar r a t i o  
Operating pressure / bar 
Fugacity of CO on sur face  

2 - 3  mm 111 
Gas - s o l i d  
Plug flow of gas 

Gas f i lm  con t ro l l i ng  Liquid f i lm  cont ro l l ing  
1.0 1 .3-  1 .5  
1.0 2.0-  10.0 
High Low 

Gas - l i q u i d -  s o l i d  
Complete mixing of 
o i l - s lu r ry  

Kinetic fea ture  
Catalyst  a c t i v i t y  at 230°C 

Overall ac t iva t ion  energy 
Reactivation of c a t a l y s t  with H2 
Catalyst  composition 

CH4 formation 
C-number d i s t r ibu t ion  
Olef in ic  or pa ra f f in i c  

\\ / dm3gFe-lh-1 

Product s e l e c t i v i t y  

Rapidly decrease Steady around 2.5- 8 . 2  

79.1 kJ mol-1 
Reactivated Independent 
Iron carb ide  Meta l l ic  i ron  

from 3.0-10.0 t o  0.1 
23.4- 30.6 kJ mol-1 

Rich Lean 
Wide and f ixed  Flex ib le  
Pa ra f f in  r i c h  Olefin r i c h  
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CALCIUM SILICATE CEMENTS FOR DESULFURIZATION OF COMBUSTION GASES 

H . J .  Yoo, P.J. McGauley and M. Steinberg 

Process Sciences Divis ion,  Brookhaven National Laboratory, Upton, New York 11973 1 
I’ March 1982 

! INTRODUCTION 

Fluidized-Bed Combustion (FBC) is a r e l a t i v e l y  new technique f o r  burning high 
s u l f u r  coa ls  c leanly ,  a t  a projected cos t  comparable to  conventional combustion 
systems. In  a t y p i c a l  fluidized-bed design, s ized  and dr ied sorbent is blended 
with the feed coa l  and fed t o  the fluidized-bed combustor. F lu id iza t ion  of the  
bed is ef fec ted  by passing a i r  up through the bed material, i . e . ,  mixture of coal 
and sorbent .  Sulfur  dioxide formed by the oxidat ion of the s u l f u r  contained in 
the  feed coa l  r e a c t s  with and remains an i n t e g r a l  p a r t  of the  sorbent ,  thus reduc- 
ing the  quant i ty  of s u l f u r  emitted t o  the  atmosphere by the  combustor f l u e  gases .  

i 

Limestone is known a s  a sorbent f o r  desu l fur iz ing  combustion gases i n  
fluidized-bed combustors. It has a moderate s u l f u r  capture  capaci ty  of 30 t o  40X 
(based on CaO) a t  temperatures of 8000 t o  85OOC a t  a reasonable reac t ion  r a t e .  
Also i t  is cheap and n a t u r a l l y  abundant. However, limestone has severa l  se r ious  
drawbacks. The sorp t ion  capaci ty  decreases  markedly above 850%. It cannot be 
e a s i l y  regenerated economically even a t  a temperature of 1000°C. It has ser ious  
a t t r i t i o n  l o s s  problems i n  fluidized-bed reac tors .  The r e a c t i v i t y  i s  highly 
var iab le  depending on the  type of na tura l  limestone. Because of these unfavorable 
proper t ies ,  limestone is curren t ly  used only on a once-through b a s i s .  A p o t e n t i a l  
problem i n  commercialization of fluidized-bed combustion with a once-through 
sorbent is tha t  vas t  amounts of spent sorbent w i l l  be generated by t h i s  system, 
e s p e c i a l l y  i f  high s u l f u r  coa ls  a re  burned and i f  air pol lu t ion  emission l i m i t s  
continue t o  become increas ingly  s t r i n g e n t .  Thus it may become necessary, par t icu-  
l a r l y  I f  a l a r g e  number of FBC plan ts  a r e  b u i l t ,  t o  regenerate  and recycle  the  
sorbent. I n  t h i s  respect, f o r  the l a s t  severa l  years  t h e  Process Sciences Divi- 
sion of the  Department of Energy and Environment a t  Brookhaven National Laboratory 
has been searching f o r  a b e t t e r  sorbent and has i d e n t i f i e d  calcium s i l i c a t e  bear- 
ing Port land Cement as  a regenerat ive sorbent f o r  FBC appl ica t ion  (1-2). 

The objec t ive  of t h i s  work is to  develop an SO2 sorbent ,  using commercial 
calcium s i l i c a t e  bearing Port land Cement, f o r  desu l fur iz ing  fluidized-bed combus- 
t i o n  gases. For t h i s  we have concentrated our development e f f o r t s  on preparing 
and evaluat ing Port land Cement Type 111 (PC 111) p e l l e t s  f o r  fluidized-bed combus- 
t i o n  serv ice ,  s i n c e  e a r l i e r  s tud ies  (3) showed t h a t  PC 111 was i n t r i n s i c a l l y  the 
most reac t ive  towards S02. 

1. SORBENT PREPARATION 

The PC I11 p e l l e t s  used i n  t h i s  experiment were prepared at  Brookhaven 
Nat ional  Laboratory using a drum p e l l e t i z e r  18 inches in diameter. 
t i n g  procedure is not energy in tens ive  and is used i n  the metal ore preparat ion 
indus t ry  and thus equipment f o r  preparing production q u a n t i t i e s  of PC I11 p e l l e t s  
is commercially ava i lab le .  

The agglomera- 

The cement powder (Port land Cement Type 111) is loaded i n t o  the  screw feeder  
v i a  hopper and fed i n t o  the  drum of the  drum p e l l e t i z e r  r o t a t i n g  a t  a predeter- 
mined speed. A t  the  same t i m e  the  water spray nozzle i n  the drum p e l l e t i z e r  is 
opened t o  moisten the powder in the  p e l l e t i z i n g  drum with a f i n e  spray of water. 
The r a t e  of water spray is predetermined t o  br ing the moisture content of t h e  
product ( i . e . ,  cement p e l l e t s )  t o  a desired value.  The continuous r o l l i n g  and 
tumbling of moistened powder i n  the  inc l ined  drum r e s u l t s  i n  seed p e l l e t s ,  which 
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then continue t o  grow as they r o l l  on t h e  bed of moistened cement powder. Note 
t h a t  i t  is a continuous opera t ion  and thus the  p e l l e t s  growing in t he  r o t a t i n g  
drum have a wide range of s i z e  d i s t r i b u t i o n ,  with t h e i r  s i z e s  depending on the 
residence t i m e  of t he  ind iv idua l  p e l l e t .  However, t he  inc l ined  r o t a t i n g  drum 
inherent ly  c l a s s i f i e s  t he  p e l l e t s  in t he  drum in such a way t h a t  t he  l a r g e r  ones 
manage t o  move to  t h e  sur face  and then  t o  t h e  edge of t he  drum, where they f a l l  
i n t o  the p e l l e t  receiving drum v i a  t h e  guiding chute .  The s i z e  of the p e l l e t  is 
mainly cont ro l led  by the  inc l ined  angle  of t he  drum p e l l e t i z e r ,  which in f a c t  
determines t h e  residence t i m e  of t h e  p e l l e t  in t h e  drum. Other process va r i ab le s  
a f f e c t i n g  t h e  p e l l e t  s i z e  and i t s  q u a l i t y  a r e  t h e  r o t a t i n g  speed of t he  drum 
p e l l e t i z e r ,  cement feed  ra te  and l o c a t i o n ,  and water spray rate and loca t ion .  

The PC I11 p e l l e t s  f r e s h l y  prepared in t h e  drum p e l l e t i z e r  are extremely 
f r a g i l e .  They cannot be picked up o r  touched but  must be l e f t  in t he  p e l l e t  
receiving drum f o r  16-18 h r s  at room temperature a t  which point  they have become 
s u f f i c i e n t l y  s t rong  so t h a t  water  can be flowed i n t o  the  drum t o  soak the  p e l l e t s  
f o r  hydration. This i n i t i a l  cu re  cont inues f o r  about 20 h r s  a t  room temperature. 
A t  t he  end of  t h i s  per iod,  when t h e  p e l l e t s  are s t rong  enough t o  handle, they are 
removed from t h e  drum in order  t o  s e p a r a t e  them i n t o  ind iv idua l  p e l l e t s .  The 
p e l l e t s  a r e  then  w e t  s ieved and s tored  in a conta iner  under 100% humidity f o r  
f i n a l  cure. The PC I11 p e l l e t  prepared and cured f o r  28 days under 100% humidity 
is r i g i d  and s p h e r i c a l  in shape. It conta ins  25-35% by weight of water, depending 
on the  i n i t i a l  water content  used which ranges from 7 t o  12% by weight, and has a 
dens i ty  of about  2 gm/cc. 
t h e  average s i z e  of about 800-1000 microns. 

The p e l l e t  s i z e  ranges from 100 t o  4000 microns with 

The PC I11 p e l l e t s  prepared by low energy agglomeration techniques have a 
number of advantages in physical  p roper t ies  over na tu ra l  limestone o r  dolomite as 
a n  SO2 sorbent  f o r  desu l fur iz ing  fluidized-bed combustion gases .  F i r s t  of a l l ,  
s i n c e  the  p e l l e t s  (agglomerates) a r e  formed from very f i n e  cement powders, they 
are of uniform q u a l i t y ,  which is not  t he  case with n a t u r a l  limestone or dolomite. 
Furthermore, t h e  agglomeration process is an es tab l i shed  technology which o f f e r s  
good con t ro l  of e x t e r n a l  p a r t i c l e  s i z e  as w e l l  as i n t e r n a l  s t r u c t u r e .  The 
p e l l e t i z i n g  condi t ions ,  namely powder feed r a t e ,  water spray r a t e ,  and the  speed 
and angle  of t h e  p e l l e t i z i n g  drum, can  be e a s i l y  cont ro l led  t o  give an optimal 
i n t e r n a l  pore s t r u c t u r e ,  a s  w e l l  as p e l l e t  s i z e ,  fo r  use in fluidized-bed combus- 
t o r s  of d i f f e r e n t  designs.  For example, an increase  in water content  during 
agglomeration g ives  rise t o  a p e l l e t  of  high s t r e n g t h  and thus high r e s i s t a n c e  t o  
a t t r i t i o n .  On t h e  o t h e r  hand, as t h e  water content  is decreased, t h e  p e l l e t  
becomes more porous and has a higher  s u l f u r  capture  capaci ty .  

2. SORBENT CHARACTERIZATION 

Chemical/physical p r o p e r t i e s  of PC 111 sorbent  p e l l e t s  were determined in 
o r d e r  t o  have a b e t t e r  understanding of the c h a r a c t e r i s t i c s  of sorbent p e l l e t s  
prepared by t h e  agglomeration technique descr ibed previously. 
su l fa t ion / regenera t ion  c a p a c i t i e s ,  water content ,  su r f ace  area, and pore s i z e  and 
i t s  d i s t r i b u t i o n .  These proper t ies  are bel ieved t o  vary with sorbent  preparat ion 
condi t ions  and a f f e c t  sorbent  performance in f lu id ized  bed combustors. For t h i s  
w e  used thermogravimetric a n a l y s i s  (TGA), sur face  area a n a l y s i s ,  mercury porosi- 
metry and scanning e l e c t r o n  microscopy (SEM). 

These include 

Sulfat ion/Regenerat ion Capac i t ies  

Sul fa t ion / regenera t ion  c a p a c i t i e s  of PC I11 sorbent  p e l l e t s  (20/200 US mesh) 
were determined f o r  f i v e  cyc le s  v i a  TGA (DuPont 951). 
a t  958OC using a simulated combustion gas ( i . e . ,  0.25% S02, 5% 02, 15% C02, and 
balance N2) a t  a t o t a l  pressure of 1 atmosphere. The s u l f a t i o n  temperature of 
958OC was chosen because prel iminary tests showed t h a t  PC 111 sorbent  was most 
r e a c t i v e  at  t h i s  temperature. 

Sul fa t ion  was c a r r i e d  ou t  

The s u l f a t i o n  per iod u t i l i z e d  w a s  2 hours. 
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Regeneration of the s u l f a t e d  sample was accomplished at  958OC by flowing a reduc- 
ing gas  ( i . e . ,  5% co, 20% cog, and balance N2) over the  sample u n t i l  no weight 
loss is observed. The gas containing 15% C02 and 85% N2 was then passed through 
the  sample. This was done t o  convert a l l  the  s u l f i d e  remaining a f t e r  the CO 
treatment t o  the oxide form by the following reac t ion  mechanism: 

Cas + 3C02 = CaO + SO2 + 3CO 

The r e s u l t s  of TGA measurements f o r  c y c l i c  su l fa t ion / regenera t ion  capac i t ies  
a r e  presented i n  Table 1. It can be seen i n  Table 1 t h a t  the PC I11 sorbent has a 
two-hour s u l f a t i o n  capaci ty  of 45% or b e t t e r  and tha t  i t  does not d e t e r i o r a t e  with 
cycling. The small v a r i a t i o n  i n  s u l f a t i o n  c a p a c i t i e s  with d i f f e r e n t  batches is 
not c l e a r l y  understood a t  the present  t i m e .  Note tha t  Batches 9-12 were prepared 
under more or l e s s  same condi t ions.  It is, however, speculated t h a t  the v a r i a t i o n  
may be due e i t h e r  to  unknown var iab les  i n  preparat ion condi t ions or  to non- 
uniformity of the  PC 111 p e l l e t s .  Table 1 a l s o  shows t h a t  the regenerat ion o f  PC 
111 p e l l e t s  is almost complete (above 95%) during c y c l i c  use. The da ta  i n d i c a t e s  
t h a t  PC 111 p e l l e t s  can be successfu l ly  used as  a regenerat ive sorbent without any 
loss of reac t ive  s i t e s  caused by poor regenerat ion.  No change i n  s u l f a t i o n  capa- 
c i t i e s  and complete regenerat ion a f t e r  repeated cycl ing of the same mater ia l  show 
t h a t  the PC 111 sorbent  p e l l e t s  a r e  not subjec t  t o  s i n t e r i n g  and pore des t ruc t ion  
during cyc l ic  s u l f a t i o n  and regenerat ion,  which is the  case with limestone. 

Figure 1 shows the  e f f e c t  of temperature on the two-hour s u l f a t i o n  capac i ty  
of PC I11 p e l l e t s .  As one can see ,  the  s u l f a t i o n  r a t e  is very much dependent upon 
the reac t ion  temperature. For example, below 8OO0C the reac t ion  r a t e  is q u i t e  
slow. As the temperature is increased,  the  reac t ion  r a t e  increases  sharply,  
reaches i t s  maximum around 950-10OO0C, and then s t a r t  t o  decrease with f u r t h e r  
increase i n  temperature. The higher optimum temperature, 950-10OO0C, for  su l fa -  
t i o n  of PC 111 sorbent  than t h a t  of limestone, which is around 815-8750C, is an 
advantage i n  t h a t  combustion and power cycle  e f f i c i e n c i e s  tend to  increase a s  bed 
temperature increases .  

Ef fec t  of P e l l e t  S ize  on S u l f a t i o n  Rate 

Figure 2 shows TGA s u l f a t i o n  experiments on var ious s i z e s  of  PC 111 p e l l e t s .  
One can see  from Figure 2 t h a t  the  r a t e  of s u l f a t i o n  reac t ion  a s  well as  the 
s u l f u r  capture  capaci ty  increases  as  the p e l l e t  s i z e  becomes smaller .  For 
example, f o r  the  p e l l e t  of 200/230 mesh s i z e  the two-hour s u l f a t i o n  capaci ty  is 
66% whereas i t  is 44% f o r  the p e l l e t  of 6/10 mesh s i z e .  
t h i s  po in t ,  t h a t  the cement powder i t s e l f  has a two-hour s u l f a t i o n  capaci ty  of 
53%, which is much lower than t h a t  of 200/230 mesh s i z e  PC I11 p e l l e t .  
c a t e s  t h a t  the enhanced sorbent capac i ty  with smaller  p e l l e t s  is not due to  the 
increase  i n  surface a r e a  assoc ia ted  with the  p e l l e t  s i z e .  It may be a t t r i b u t e d  t o  
the  i n t e r n a l  s t r u c t u r a l  change accompanied by hydration during curing. I n  t h i s  
respec t ,  measurements were car r ied  out on the  i n t e r n a l  pore s t r u c t u r e  of PC 111 
p e l l e t s  using a mercury porosimeter. Figure 3 shows the r e s u l t  of pore measure- 
ments on PC 111 p e l l e t s  of var ious s i z e s ,  where the t o t a l  pore volume is plo t ted  
aga ins t  the pore diameter. It is seen i n  Fig. 3 t h a t  the  t o t a l  pore volume 
increases  with a decrease i n  p e l l e t  s i z e .  For example, the t o t a l  pore volume of 
200/230 mesh s i z e  PC I11 p e l l e t  is 1.46 cc/gm compared to  0.32 cc/gm f o r  6/10 mesh 
s i z e .  It has been known t h a t  s u l f a t i o n  reac t ions  between SO2 gas and the 
sorbents ,  which a r e  cur ren t ly  under i n v e s t i g a t i o n  by many researchers ,  a r e  diffu-  
sion control led and t h a t  the  i n t e r n a l  pores of the sorbent  provide most of the 
reac t ive  s i t e s  f o r  the  gas-solid reac t ion .  I n  other  words, an increase  i n  the 
pore volume of the  sorbent w i l l  g ive r i s e  t o  an increase  i n  i t s  s u l f u r  capture  
capaci ty .  Therefore, i t  can be sa id  t h a t  the increase  i n  the  s u l f a t i o n  capaci ty  
of PC 111 p e l l e t s  with smaller p e l l e t  s i z e ,  a s  shown i n  Figure 2,  is due t o  an 
increase  i n  the t o t a l  pore volume assoc ia ted  with the  p e l l e t  s i z e .  It is a l s o  
seen i n  Fig. 3 t h a t  the  pore s i z e  d i s t r i b u t i o n  s h i f t s  t o  l a r g e r  s i z e  as  the p e l l e t  

It is worth mentioning a t  

It indi -  
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becomes smaller .  For example, f o r  the 200/230 mesh s i z e ,  the pores in the  s ize  
range of 10 t o  60 microns account f o r  about 75% of the t o t a l  pore volume whereas 
in the case of 6/10 mesh s i z e  t h e  same pore volume is due to  the pores in the s ize  
range of 0.1 t o  1.0 micron. It is noted t h a t  the r a t e  of d i f f u s i o n  of SO2 gas 
i n t o  the p e l l e t  depends very much on the s i z e  of the  pores. In other  words, as 
the  pore s i z e  is decreased, the d i f f u s i o n  r a t e  of SO2 gas i n t o  the pore becomes 
lower and thus the  r a t e  of s u l f a t i o n  reac t ion  is decreased. This is what one can 
see in Fig. 2 ,  where t h e  s u l f a t i o n  r a t e  of the  l a r g e r  p e l l e t s  is much smaller than 
t h a t  of smaller  p e l l e t s .  Therefore ,  i t  can be concluded t h a t  the pore s i z e  and 
i t s  d i s t r i b u t i o n  of PC I11 p e l l e t s  have a profound inf luence on i t s  s u l f a t i o n  ra te  
and su l fur  capture  capaci ty .  

Sulfation/Regeneration C h a r a c t e r i s t i c s  by SEM 

A scanning e l e c t r o n  microscope (SEM) was used t o  study the su l fa t iodregene-  
r a t i o n  c h a r a c t e r i s t i c s  of t h e  PC I11 sorbent p e l l e t .  Figure 4(a)  shows a su l fur  
scan across  t h e  cross-sect ion of t h e  f u l l y  s u l f a t e d  PC I11 p e l l e t .  A s  one can see 
from Figure 4 ( a ) ,  t h e  s u l f u r  (white  dots  in the  p ic ture)  is d i s t r i b u t e d  f a i r l y  
uniformly throughout the s u l f a t e d  p e l l e t .  This can be more c l e a r l y  seen from 
Figure 4(b) ,  which shows the l i n e  scan of s u l f u r  along the a x i s  of the  same p e l l e t  
a s  in Figure 4 ( a ) .  I n  Figure 4/b)  t h e  height  of the  scan is proport ional  to 
s u l f u r  concentrat ion a t  t h a t  p a r t i c u l a r  loca t ion  along the  a x i s .  
c l e a r l y  shows uniform s u l f u r  concentrat ion from the outer  sur face  to  the center .  
This ind ica tes  t h a t  SO2 gas a c t u a l l y  penetrates  a l l  the way i n t o  the center  of the 
p e l l e t ,  probably due t o  i t s  favorable  pore s i z e  d i s t r i b u t i o n  for  gas-solid 
reac t ion .  This is a q u i t e  s t r i k i n g  r e s u l t  s i n c e  f o r  limestone the s u l f a t i o n  
reac t ion  has been known t o  take place only near the  outer  sur face ,  leaving the 
sorbent  unut i l ized  around the  c e n t e r .  

This scan 

3. BENCH SCALE FLUIDIZED-BED EXPERIMENT 

A 4Omm I.D. small f luidized-bed reac tor  w a s  constructed of quartz  and used 
f o r  both s u l f a t i o n  and regenerat ion tests of PC I11 sorbent .  The purposes of t h i s  
experiment a r e  t o  obta in  d a t a  f o r  PC I11 sorbent  p e l l e t s  on: 1) s u l f u r  removal 
e f f i c i e n c y ,  2 )  a t t r i t i o n  r e s i s t a n c e ,  and 3) SO2 content  in the  off gas stream 
during regenerat ion.  

Experimental Apparatus and I t s  Procedure 

The apparatus  used in t h i s  t e s t  c o n s i s t s  of a 40mm I . D .  fluidized-bed 
r e a c t o r ,  an a i r  preheater ,  flow meters ,  temperature i n d i c a t o r s ,  and SO2 I R  analy- 
z e r  (Beckman) and recorder .  
q u a r t z ,  which is capable of withstanding temperatures up t o  l l O O ° C ,  and equipped 
with ex terna l  e l e c t r i c  hea te rs .  Note tha t  the  fluidized-bed reac tor  is not a type 
of coal-model but  f o r  batchwise operat ions with simulated combustion gases. 
schematic diagram of the layout  of t h e  apparatus is shown in Figure 5 .  

The reac tor  and a i r  preheater  were constructed of 

A 

About 150 gm of 20/200 US mesh PC 111 sorbent  p e l l e t s  was placed in the bed 
and f lu id ized  with a i r .  This smaller  s i z e  p e l l e t  was chosen because i t  could be 
f l u i d i z e d  reasonably wel l  in t h e  40mm I . D .  small fluidized-bed reac tor  used in the  
present  study. The bed and the  a i r  preheater  were heated with e l e c t r i c  hea te rs  a t  
a r a t e  of 20°C/min u n t i l  the  bed temperature reached about 80OoC. Propane a s  fue l  
gas  w a s  then introduced to  the bed through a d i s t r i b u t o r  p l a t e  for  the  purpose of 
s imulat ing the coal-f i red f l u i d  bed combustor and served a s  a main source of main- 
t a i n i n g  t h e  des i red  bed temperature (950-10OO0C). when the bed temperature 
reached a des i red  value, SO2 gas  was introduced t o  the bed to  car ry  out  the  sulfa-  
t i o n  t e s t ,  and a t  the  same time the  SO2 analyzer  was ac t iva ted  to  monitor the SO2 
concentrat ion i n  the  off  gases  from t h e  bed. The s u l f a t i o n  cycle  continued u n t i l  
t h e  SO2 concentrat ion in t h e  f l u e  gases  reached t h e  steady value of SO2 feed con- 
cent ra t ion .  A t  the  completion of t h e  s u l f a t i o n  cycle  t h e  SO2 feed gas was shut 
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Off,  and the  propane feed r a t e  was increased to  produce a propane r i c h  mixture. 
Note tha t  the p a r t i a l  combustion of propane produces CO and H2,  which a c t  as 
reducing agents. The regenerat ion cycle continued u n t i l  no SO2 was detected in 
the  of f  gas stream. 

Result and Discussion 
i 

Figure 6 shows the  s u l f u r  removal e f f i c i e n c y  of PC I11 sorbent ,  where t h e  SO2 
Content i n  the off  gas stream i s  p lo t ted  aga ins t  t i m e .  As one can see f rom Figure 
6 ,  most of the s u l f a t i o n  (more than 90%) is completed wi th in  t h e  f i r s t  70 minutes 
and no SO2 is detected in the  f l u e  gas f o r  the  f i r s t  50 minutes at  which point  
about 45% of s u l f a t i o n  is achieved. 
sorbent  90% o r  more of s u l f u r  removal is obtained u n t i l  45% of the sorbent is 
u t i l i z e d ,  a t  l e a s t  under the  process condi t ions used i n  t h i s  test. 
input  SO2 content used i n  the t e s t ,  i .e.,  2.7%. is much higher than the  one 
usua l ly  encountered i n  the  coal-f i red f l u i d  bed combustor, i . e . ,  l e s s  than 0.5%. 
Therefore i t  can be expected t h a t  the s u l f u r  removal e f f i c i e n c y  of PC 111 sorbent  
w i l l  be even b e t t e r  i n  the  f l u i d  bed combustors of p r a c t i c a l  i n t e r e s t .  

This r e s u l t  c l e a r l y  shows t h a t  with PC I11 
1 

Note t h a t  the  

Figure 7 shows the  SO2 concentrat ion i n  the of f  gas  stream during the regene- 
r a t i o n  of f u l l y  su l fa ted  ( s u l f a t i o n  capaci ty  of 60%) PC I11 sorbent .  It is seen 
i n  Figure 7 t h a t  the  SO2 concentrat ion during the regenerat ion cycle  s t rongly  
depends on the regenerat ion temperature. For example a t  a temperature of 850OC 
the  SO2 concentrat ion is 0.15% whereas a t  1000°C i t  i s  5.0%. This i n d i c a t e s  t h a t  
the  r a t e  of regenerat ion of su l fa ted  PC I11 sorbent  increases  d r a s t i c a l l y  as the  
regenerat ion temperature is increased. It is noted t h a t  the  t h e o r e t i c a l  SO2 con- 
cent ra t ion  equivalent  t o  complete u t i l i z a t i o n  of t e s t  propane ( i . e . ,  25% excess)  
is 8.0%, which i n d i c a t e s  tha t  only p a r t  of feed propane is u t i l i z e d  during t h e  
regenerat ion cycle .  This may be a t t r i b u t e d  e i t h e r  t o  t h e  s h o r t  gas res idence time 
( i . e . .  about 0.5 sec)  employed i n  the present  study or  t o  the incomplete u t i l i z a -  
t i o n  of CO, produced by p a r t i a l  combustion of propane, due t o  i t s  slow reac t ion  
with the  su l fa ted  sorbent .  

Figure 8 shows the  e f f e c t  of the reducing gas  ( i . e . ,  propane) flow r a t e  on 
t h e  SO2 concentrat ion during the  regenerat ion s t e p  a t  1000°C. 
Figure 8 t h a t  the concentrat ion of regenerated SO2 is increased from 5% to as much 
as 24% a s  the propane flow r a t e  is increased from 25% excess  to  160% excess. This 
is a s i g n i f i c a n t  r e s u l t  confirming the e a r l i e r  thermodynamic c a l c u l a t i o n s  on 
calcium s i l i c a t e s  (3) and ind ica tes  t h a t  the regenerat ion process is not equi l i -  
brium l imi ted ,  which is the  case with limestone. Note t h a t  the concentrat ion of 
SO2 i n  t h e  product gases from the regenerator  is a c r i t i c a l  f a c t o r  f o r  economic 
operat ion of the  downstream s u l f u r  p lan t .  Thus the  regenerat ion gases  from the  
su l fa ted  PC 111 sorbent  can reach concentrat ion l e v e l s  which adequately exceed the 
economical minimum concentrat ion of an SO2 feed gas  (-8%) needed t o  design an 
economically v i a b l e  process f o r  the production of e i t h e r  s u l f u r i c  ac id ,  i f  
des i red ,  o r  s u l f u r  which is a more s u i t a b l e  product f o r  market or  d i sposa l .  

It is seen i n  

Table 2 shows the  a t t r i t i o n  l o s s  of PC 111 sorbent  p e l l e t s  during s u l f a t i o n /  
regenerat ion cycles .  It is seen i n  Table 2 t h a t  the a t t r i t i o n  l o s s  of PC I11 
sorbent  is about 3 4 %  p e r  cycle  ( i . e . ,  6 h r s )  except f o r  the  f i r s t  cycle .  The 
high sorbent l o s s  during the  f i r s t  cycle is probably due to  the  e l l u t r i a t i o n  of 
f i n e  cement powders o r i g i n a l l y  present i n  the v i r g i n  sorbent .  This i n i t i a l  loss 
may be recovered and recycled i n  an i n d u s t r i a l  operat ion f o r  preparat ion of 
p e l l e t s .  This r e s u l t  c l e a r l y  i n d i c a t e s  t h a t  the  PC I11 p e l l e t  is highly superior  
i n  i t s  res i s tance  to  a t t r i t i o n  than e i t h e r  n a t u r a l  limestone o r  dolomite which 
have ser ious  loss problems i n  f l u i d i z e d  bed reac tors .  Table 3 shows the r e s u l t  of 
another  set of a t t r i t i o n  t e s t s  performed under the  same condi t ions a s  the one i n  
Table 2 ,  except t h a t  i n  t h i s  case 15 gm ( o r  10% of the i n i t i a l  weight of t h e  
sorbent)  of new undried sorbent  was added to  the bed a t  the beginning of the 
second and the following cyc les ,  f o r  the purpose of s imulat ing the  f l u i d  bed of 
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continuous operat ion.  It should be noted t h a t  the a d d i t i o n a l  sorbent  was poured 
i n t o  the hot (i.e., a t  950-10OO0C) bed. I t  is seen in Table 3 t h a t  the a t t r i t i o n  
loss is almost t h e  same as t h e  one in Table 2. This 1s s i g n i f i c a n t  i n  t h a t  rapid 
hea t ing  of t h e  v i r g i n  undried p e l l e t s  does not  lead t o  the  d e s t r u c t i o n  of the  
sorbent  p e l l e t s  so t h a t  t h e  v i r g i n  sorbent  may be d i r e c t l y  added t o  t h e ' h o t  f l u i d  
bed without predrying i t  under cont ro l led  condi t ions.  
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SI R2 

1 56.5 100.0 
2 56.5 95.9 
3 54.2 100.0 
4 54.2 98.2 
5 53.2 100.0 

Table 1. Cycl ic  Sulfation/Regeneration Capacities" of PC I11 Sorbent P e l l e t s  

10 11 12 

S R S R s 

49.3 100.0 63.9 100.0 54.5 
48.3 94.9 63.9 100.0 54.5 
46.8 100.0 63.5 100.0 54.5 
46.8 100.0 63.4 100.0 54.0 
46.8 100.0 63.2 100.0 54.0 

Cycle No. 

I I I 1 

1 )  Sul fa t ion  capac i ty  (%) at 958OC 
2) Regeneration capac i ty  ( X )  a t  958OC 
* Sulfa t ion  c a p a c i t i e s  are based on a v a i l a b l e  CaO in PC I11 sorbent .  

A t t r i t i o n  Loss (wt%) 

Table 2. A t t r i t i o n  Loss of  PC I11 
Sorbent P e l l e t s  

1st 

2nd 

3rd  

4 t h  

5 t h  

ICycle No. I A t t r i t i o n  Loss ( u t % ) (  

21 .o 

3.3 

3.6 

2.1 

3.7 

1st 

2nd 

3rd 

100.0 51 100.0 
100.0 

~~~~~ ~~ ~ 

17.6 

2.8 

4 .O 

I I I 
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(A) SULFUR SCAN ACROSS THE CROSS-SECTION, 

(B) SULFUR L I N E  SCAN ALONG THE A X I S ,  

FIG, 4 SEM PHOTOGRAPHS OF SULFATED PC I 1 1  PELLETS, 
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DEVELOPMENT OF AN EFFICIENT COAL DESULFURIZATION PROCESS: "OXY-ALKALINOLYSIS" 

Tetsuo Aida, Clifford C. Venier 

Ames Laboratory*, Iowa State University, Ames, IA 50011 

Thomas G. Squires 
Advanced Fuel Research, Inc, 87 Church Street 

East Hartford, CT 06108 

INTRODUCTION 

While it is clear that utilization of coal as an energy source will increase 
substantially during the next decades, it is equally clear that our present 
technology will not be able to cope with the environmental threat posed by the 
potential increase in the emission of sulfur oxides. Specifically, existing 
precombustion beneficiation procedures are not capable of reducing sulfur 
concentrations to the necessary levels, and the reliability of postcombustion flue 
gas desulfurization has yet to be established. 

Many physical and chemical desulfurization processes have been developed which 
effectively remove inorganic sulfur from coal prior to combustion (1); but these 
techniques have not been effective in removing organic sulfur (ld,2). This is not 
surprising in view of the well established chemical stability of divalent organic 
sulfur species ( 3 ) .  such as thiophenols, aryl sulfides, and thiophenes, which are 
believed to comprise the organic sulfur component of coal. 

Although a number of groups have proposed and investigated oxydesulfurization 
processes (11, their selection of chemical reagents and process conditions for the 
preferential oxidation of sulfur and for displacement of the oxidatively activated 
SO has quite often had little or no basis in the documented chemistry of organic 
su'lfur compounds ( 3 ) .  
the use of model compounds and coal extracts have not been successful ( 2 . 4 ) .  

Not surprisingly, attempts to validate these processes through 

However, the concept of first oxidizing the sulfur and then exploiting the 
enhanced chemical reactivity of functionalities such as sulfoxides, sulfones, and 
sulfonic and sulfinic acids is valid. Here we report our initial attempts to utilize 
this concept to design a coal desulfurization process. 
facile oxidation of organic sulfur by electrophilic reagents and the long established 
cleavage of EC-S(O)x bonds by molten alkali. 
"Oxy-Alkalinolysis" as shown in the following reaction sequence. 

Our approach is based on the 

The process is best described as 

Molten 

Oxidation 350-400°C 

*Operated for the U . S .  Department of Energy by Iowa State University under Contract 
No. W-7405-Eng-82. 
Energy, Off ice of Coal Mining, WAS-AA-75-05-05. 

This research was supported by the Assistant Secreatry for Fossil 
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EXPERIMENTAL 

General  - 
The s o l v e n t s  and r e a g e n t s  were obta ined  from commercial sources  and were 

Potass ium hydroxide ,  F i s c h e r  
The Western Kentucky No. 9 c o a l  was 

p u r i f i e d  a s  r e q u i r e d  by a p p r o p r i a t e  procedures .  
C e r t i f i e d  ACS p e l l e t s ,  was used as rece ived .  
from t h e  Ames Coal L i b r a r y  and had been r i g o r o u s l y  p r o t e c t e d  from oxygen d u r i n g  
g r i n d i n g ,  s i z i n g ,  r i f f l i n g ,  and s t o r i n g .  The samples used had been s i z e d  between 60 
and 100 US mesh. 
Knoxvi l le ,  TN or by Amea Labora tory  A n a l y t i c a l  S e r v i c e s .  

E lementa l  a n a l y s e s  were performed by G a l b r a i t h  Labora tory ,  

Oxida t ion  o f  Dibenzothiophene wi th  C h l o r i n e  i n  CH7C12-HL0 

A mixture  of  100 mg. of dibenzoth iophene .  2.0 m l  o f  w a t e r ,  and 4 .0  m l  of  CH C 1  
- 

2 2  was s t i r r e d  i n  a smal l  f l a s k ;  and C 1 2  was bubbled i n t o  t h e  mixture  for 10 minutes .  
h e  r e s i d u a l  C12  and t h e  CH2C12 were then removed under  a s p i r a t i o n ,  and approximately 
1.0 m l  of s a t u r a t e d  Na SO3 s o l u t i o n  was added. 
e x t r a c t e d  t h r i c e  wi th  3.0 m l  of  CH2C1 and t h e  CH2C12 s o l u t i o n  was washed wi th  
NaHC03 s o l u t i o n .  A f t e r  d r y i n g  t h e  so?;tion over  Na2S04, it was analyzed by gas  
chromatography u s i n g  phenyl  s u l f i d e  as an i n t e r n a l  s t a n d a r d .  

The r e s u l t i n g  mixture  was then  

React ion o f  W. Kentucky No. 9 Coal w i t h  C h l o r i n e  

A mixture  of  3.0 g of  W. Kentucky No. 9 c o a l ,  10.0 m l  of  w a t e r ,  and 20.0 m l  of 
methylene c h l o r i d e  was s t i r r e d  v i g o r o u s l y  a t  room tempera ture  f o r  one hour  whi le  C 1  
was bubbled through t h e  mixture .  The r e s i d u a l  C I 2  and t h e  CH2C12 was then removed 8, 
a s p i r a t i o n  b e f o r e  adding 150 m l  of  water  t o  t h e  r e a c t i o n  mixture .  
s l u r r y  was hea ted  t o  60'C and main ta ined  a t  t h a t  t empera ture  f o r  2 hours  wi th  
o c c a s s i o n a l  shaking.  
d r i e d  under  vacuum.(O.Ol m Hg, 70°C, 2 hours) .  The c o a l  w a s  analyzed f o r  s u l f u r  and 
c h l o r i n e  c o n t e n t .  

The r e s t i l t i n g  

A f t e r  f i l t e r i n g  and washing w i t h  f r e s h  water, t h e  c o a l  was 

'., React ion  o f  Model Organic  S u l f u r  Compounds w i t h  Molten Potassium Hydroxide 

1 I n  a t y p i c a l  exper iment ,  200 mg of  KOH and 0.15 moles of t h e  o r g a n i c  s u l f u r  
compound were s e a l e d  i n  a g l a s s  ampoule. The s e a l e d  ampoule was then  immersed f o r  10 
minutes  i n  a KN03 s a l t  b a t h  a t  t h e  a p p r o p r i a t e  tempera ture  (20O-35O0C). A f t e r  
r e t r i e v i n g  t h e  ampoule, it was cooled t o  room tempera ture ,  opened, and t h e  c o n t e n t s  
were e x t r a c t e d  wi th  5 . 0  ml of CH C12.  
water  and combined w i t h  t h e  CH2Cf2 s o l u t i o n .  A c i d i f i c a t i o n  w i t h  6 N H2S04 and 
s e p a r a t i o n  of  t h e  l a y e r s  was fol lowed by e x t r a c t i o n  of  t h e  aqueous l a y e r  wi th  two 
a d d i t i o n a l  p o r t i o n s  of CH2C12. 
and analyzed by g a s  chromatography, I R ,  and NMR. 

The r e s i d u a l  s o l i d  was d i s s o l v e d  i n  5.0 m l  of  
i 

The combined CH2C12 s o l u t i o n  was d r i e d  over  Na2S04 I 

r 
React ion  of  Coals  w i t h  Molten Potassium Hydroxide 

Both t h e  u n t r e a t e d  W. Kentucky c o a l  and t h e  c o a l  which had been t r e a t e d  wi th  C 1 2  
were r e a c t e d  wi th  KOH as fo l lows .  A mixture  of  500 mg of  c o a l  and 15.0 g of KOH were 
p laced  i n  a s t a i n l e s s  s tee l  mini - reac tor  equipped wi th  a N 
s t irrer.  A f t e r  purg ing  t h e  a p p a r a t u s  f o r  15 minutes ,  t h e  r e a c t o r  was immersed i n t o  a 
KNO s a l t  b a t h  a t  4OO0C, and t h e  r e a c t i o n  m i x t u r e  was s t i r r e d  f o r  20 minutes .  The 
molzen mixture  was removed from t h e  sa l t  ba th  and q u i c k l y  poured i n t o  a 500 m l  
Erlenmeyer f l a s k .  

I purge and mechanical  2 

A f t e r  c o o l i n g ,  t h e  r e a c t o r  was r i n s e d  w i t h  100 m l  of  water  which 

329 



was added to the cooled KOH reaction mixture. The resulting mixture was rendered 
slightly acidic with concentrated HC1, diluted with 150 ml of water, and warmed to 
60'C. This mixture was maintained at 6OoC for one hour with occaasional shaking. 
Then the coal was filtered, washed thoroughly with water, and dried under vacuum 
(0.01 mm Hg, 100°C, overnight). 
and chlorine. 

The resulting coaly material was analyzed for sulfur 

RESULTS AND DISCUSSION 

Oxidation of Organic Sulfur 

Recently, we established that, using molecular oxygen as the oxidant, the rate 
of oxidation of organic sulfur in a coal extract is less than the rate of oxidation 
of the hydrocarbon matrix ( 5 ) .  On the other hand, the reactivity of organic sulfur 
toward electrophilic oxidants is well known (6) and was the basis for our selection 
of peroxytrifluoroacetic acid as a reagent for the selective oxidation of organic 
sulfur in coal ( 7 ) .  

Of the organic sulfur functionalities which have been detected in coal, 
dibenzothiophene is one of the least reactive toward electrophilic oxidants. 
However, using chlorine at room temperature, this heteroaromatic sulfur compound was 
converted rapidly to its oxidized analogs as shown by the following equation. 

C12/H20/CH2C1 x = 1, 63% 

x = 2, 15% (2) aTa 25O C; 10 min? 

On the baais of this facile reaction, W. Kentucky No. 9 coal in CH C1 - H ~ O  was 
treated with chlorine at room temperature for 60 minutes. The sulfur ant chorine 
analyses before and after treatment are shown in Table I. Even under these mild 
conditions, substantial amounts of chlorine were incorporated into the coal, probably - via electrophilic aromatic substitution. 
previously under the more rigorous conditions of the JPL "Chlorinolysis Process" ,(8) 
and certainly poses a problem if not removed prior to combustion. It is also, 
however, a clear indication that chlorine has reacted with the organic matrix; and 
thus there is presumptive evidence that the organic sulfur has also reacted with the 
chlorine. 

Chlorine incorporation has been reported 

The sulfur redqction in the treated coal accounts for 53% sulfur removal if a 
correction is made for the increaaed sample weight due to chlorine incorporation. 
Within experimental error, this reduction corresponds to complete removal of the 
pyritic sulfur. 

Reaction of Organic Sulfur Functionalities with Molten Potassium Kydroxide 

The enhanced reactivity of oxidized sulfur functionalities such as sulfones and 
sulfonic and sulfinic acids toward molten alkali has been known for over a century 
(9,10,11). As shown in equations ( 3 )  and (4), these reactions 
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aso2a NaoH 350° C > 0:'m 
+ Na2S03 

OH + Na2S03 
Na OH 

350' C ' 

(3)  

( 4 )  

I 

are ideal for the chemical desulfurization of coal because carbon-sulfur bond 
breaking occurs rapidly under reasonably mild conditions to generate a water soluble 
sulfur product, and the alkali reagent is cheap. 

The initial model compound experiments which are reported here were designed to 
gain a qualitative measure of the relative reactivity of selected organic sulfur 
functional groups; these results are reported in Table 11. From these results, it i s  
clear that, in general, oxidized sulfur functions are substantially more reactive 
toward molten KOH than the reduced, divalent sulfur species. Benzyl phenyl sulfide 
is an obvious exception to this observation. However, the carbon-sulfur bond in this 
system is exceptionally susceptible to cleavage by several mechanisms, and. in fact, 
has been demonstrated to be quite reactive under the much milder conditions of the 
h e s  Process ( 5 ) .  

On the basis of the enhanced reactivity of the oxidized organic sulfur forms and 
on the assumption that the organic sulfur in W. Kentucky No. 9 coal was oxidized by 
treatment with C1 , the raw coal and the C12-treated coal were stirred under N2 with 
KOH at 400°C for $0 minutes. 
starting materials and products from these experiments is presented in Table I. The 
substantially lower sulfur content of the C1 -treated coal is entirely consistent 
with the chemical concepts which were developed as a basis for this new 
desulfurization method. 

(E), and treatment of coal with moften caustic is the basis of the TRU "Gravimelt 
Process" (12). 
of the "Oxy-Alkalinolysis Process". Clearly, the latter process (88% total sulfur 
removal) represents a very significant improvement over both the JPL process (53% 
sulfur removal) and the TRW process (62% sulfur removal). Furthermore, at this time, 
we have investigated only the chemistry of the "Oxy-Alkalinolysis Process; no effort 
has been directed toward optimization of the process. 

A comparison of the sulfur and chlorine contents of the 

2 

Treatment of raw coal with C1 is the basis of the JPL "Chlorinolysis Process" 

In Figure 1 the efficiency of these processes is contrasted with that 

Y 

I Finally, it is noteworthy (though not surprising) that the chlorine content of 
the "Oxy-Alkalinolysis" product is the same as that of the original coal. Treatment 
of chlorinated coal with molten KOH is a very effective method for removing chlorine 

I from aromatic systems and is, in fact, analogous to the industrial preparation of 
f phenol from chlorobenzene. 
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CONCLUSIONS 

Our conclusions from this investigation are the following: 

1. This desulfurization method was developed on the basis of the demonstrated 
chemistry of organic sulfur functionalities. 

2. Organic sulfur in coal can be activated with C12 for removal by molten KOH, 
probably through electrophilic oxidation. 

3 .  "Oxy-Alkalinolysis" is a method for "deep cleaning" of coal, i.e. efficient 
removal of organic sulfur, under mild conditions. 

4 .  Residual chlorine can be removed from coal with molten KOH. 

Tota l  S u l f u r  Removal ( w t . % )  . .  
0 5p 11 

C l j O x i  (JPL) dation l=l 
A I  kal  i fusion 

( TRW) 

I 

Figure 1. Comparison of Desulfurization Processes for W. Kentucky No. 9 Coal. 
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TABLE I 

EFFECT OF TREATMENTS ON SULFUR AND CHLORINE CONTENT OF W. KENTUCKY NO. 9 COAL 

Sample Total S Pyritic S Organic S Chlorine 
Description (WT %) (WT %) (WT %) (WT %) 

Raw Coal 3.47 

Coal/C12 2.33 

Coal/KOH 1.30 

Coal/C12/KOH 0.42 

1.68 

- 
- 

1.77 

- 
- 

0.03 

25.65 

- 
0.03 

TABLE II 

REACTIVITY OF ORGANIC SULFUR COMPOUNDS WITH POTASSIUM HYDROXIDE 

Recovered Starting Material at Indicated Condition (%) 

Compound 200°C, 10 min. 250°C, lOmin . 35OoC, 10 min 
Dibenzothiophene 100 100 100 

- - Phenyl Sulfide 100 

- - Phenyl benzyl sulfide 0 

Dibenzothiophene-5-oxide 24 0 - 
Dibenzothiophene-5, 

5-dioxide 88 22 0 

- - Thiophenol 100 

Acid - 988 128 
2-Phenlybenzenesulfonic 

a. Maximum value based on quantitative analysis of 2-phenylph'enol product. 
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